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ment   132, 133 
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service  record  of  materials 130-133 

shape  of  particles 127-129, 133 

Abrasion  machines  (Los  Angeles  and  Deval), 

comparative  data.. 125-133 
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and  effects  of. 125-127, 129, 131 
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ing strength. 
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of  soils _ 32,77,79,80 
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bituminous  aggregates: 

arching  action... 134 

crushing  in  test  specimens 137 

research  needed. _ 32 

types,  quantities,  and  gradings  used  in 

stability  test  specimens.. 113. 

115,134.136-141 
variations  in  aggregate  content  as  affect- 
ing relation  between  void  content 

and  stability  of  mixtures 136-141 

concrete  aggregates: 

limerock,  use  of 160, 161 

types,  quantities,  and  gradings  used  in 

test  concretes 127-133, 147, 148 

for  various  highway  uses,  specifications,  r. 

to  p 165 

gradings  suitable   for   acceptance   tests   of 

coarse  aggregates 133 

gradings  used  in — 

abrasion    tests   and    their   relation    to 

wear 125-133 

low-cost  road  work 131-133 

quality  of  coarse  aggregates,  tests  for  deter- 
mining..  125-133 

soft  materials  in  and  effects  of 126, 129-133 

specification  tests  for  coarse  aggregates 125, 

127,128,131-133 
see  also  names  of  aggregates. 
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as  soil  constituents 77-80,89 

effects  upon  concrete  and  mortar 77-89 

synthetic   alkalis,    microchemical    analysis 

of 80 

Ambulances  and  hearses  (motor),  registrations 

and  receipts  from,  1934 90-93 

American  Association  of  State  Highway  Offi- 
cials: 
concrete  pavement   design   suggested   by, 

stress  data 145-147, 

186,187,202,203,208-213 
Standard  Specifications  .  .  ..revised  edition, 

r.  to  p 165 

Analyses,  see  Chemical    analyses— Mechanical 
analyses— Westergaard  analyses. 
Angularity  of  coarse  aggregate  particles,  relation 

to  abrasion  losses 127-129, 133 

Annual  rate  method  of  computing  pavement 

life 3,5,14 

Arizona  highways: 

concrete  pavement  project,  use  of  thickened- 

edge  design 201 

motortruck  traffic 30 

tee  also  Federal-aid  highway  system— United 
States  Public  Works  road  con- 
struction— United  States  Works 
Program. 
Arlington  Memorial  Bridge  abutment,  subsur- 
face exploration  data 61,62,65,66 

Arterial  highway  systems  in  broadened  highway 

program 1 

Asphalt  plank   (premolded),   specifications,   r. 

to  p 165 

Asphaltones,  development  in  liquid  asphaltic 

materials  and  their  residues 105-107 

Asphaltic  paving  mixtures  (line-graded,  coarse- 
graded),  stability  tests 97, 

102,113-117,134-141 
Asphaltic  residue  tests  of  liquid  asphaltic  mate- 
rials   97-117 
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Automobiles,  see  Motor  vehicles. 

Axle  distribution  of  gross  weights  of  loaded 

vehicles... 37,38,42 

Axle  loads  of  vehicles: 

data  for  combinations 

limits  on,  as  controlling  gross  loads 

A\lo   spacing,    relation    to    pavement   stresses 
caused  by  wheel  loads 
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Basalt,  abrasion  test  data. 127,  128, 133 

Baso  courses: 

limerock  base  courses... 32,159,161-165 

of  bituminous  roads,  needed  research 32,33 

of  brick  roads,  mortality  study  of  brick-on- 
concrete  and  brick-on-sand  pave- 
ments  3-6, 11 

Bates  test  road,  data  concerning  thickened-edge 

sections 201 

Bearing  area  of  load,  relation  to  load  stresses  in 

concrete  pavements 151-153. 

202,203,212,216 
Bearing  blocks,  bearing  plates,  types  used  in  load 
application: 

to  concrete  test  slabs. 151-153, 

172, 173,  195,  203,  204,  212,  216 

to  subgrades 156-158 

Bearing  tests,  load-deflection  tests,  of  subgrade 

soils....  156-158,  169,  171,  179,  181-187,  196 
Bending  stresses  in  concrete  pavement  slabs..  174,  220 

Billboards,  restriction  of  in  Massachusetts. 12-14 

Binding  materials,  binders: 
bituminous  binders: 

research  needed. 32 

types  used  in  test  cylinders  of  liquid 

asphaltic  materials _ 113 

clay  binders,  stabilization  of 87 

in  limerock  base  courses,  flocculation  tests 

of 162,  164,  165 

Bitumen,  affinity  of  aggregates  for.. 32 

Bitumen  content: 

of  bituminous  paving  mixtures,  variations  in 
as  affecting  relation  between  void 
content  and  stability  of  mixtures.     137- 

141 
of  liquid  asphaltic  materials: 

consistency  of,  relation  to  stability  of 

mixtures 113-117 

data  for  selected  materials 106 

of  native  asphalts,  homogeneity  of 108 

Bitumen   loss,    data   for   stability   cylinders   of 
liquid    asphaltic    materials    and 

their  residues 11 1-117 

Bituminous  concrete  paving  mixtures: 

field  movement  and  roller  stability,  com- 
parison...  138,  140, 1 11 

stability  tests 135-138, 140, 141 

Bituminous  joint  fillers,  use  in  experimental  con- 
crete slabs 146 

Bituminous  materials: 

characteristics  of  materials  used  in  stability 

test  specimens 137 

liquid  asphaltic  materials,  studies  of 97-117 

research  needed... 32 

specification  requirements 32,97,165 

use  in  stabilization  of  soils 32 

Bituminous  paving  mixtures,  stability  tasts 97, 

102,  113-117,  134-141 
Bituminous  roads   of  flexible   type,   needed   re- 
search, a .---  32-33 

Bituminous  surface  treatment  of  limerock  I 

courses 161, 163 

Blasting: 

in  seismic  exploration 6!  67,74 

necessity  for  in  road  work,  determination  by 

resistivity  test 62 

Boiling  points  (initial)  of  selected  liquid  asphal- 
tic materials.. 98 

Bonding  strength  of  liquid  asphaltic  materials 
and  their  residues: 

relation  to  consistency.....  .  113-117 

tests  before  and  after  exposure.. 97.  113-117 

Borings  (probe,  sample)  of  fill  placed  on  muck 

bed,  test  data.. '- 

Boston  Tost  Road,  traffic  data 226 

Brick,  crystal  growth  in 7s 

Brick-on-eonerete  pavements,  mortality  of,  a  _. 
Brick-on-sand  pavements,  retirement  data,  r...         3 
Brick  rattler  tests: 

abrasive  charges  used 126,  127 

r.  top - 126  (fn) 
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concrete  arch  bridges,  research,  r  top     ...      153 

(fn),  181  (fn) 
narrow  bridges,  replacement  of 
planning: 

in  broadened  highway  progi i  2,11 

subsurface  explorations   in   connei 

with 57,61,02, 

specifications,  r.  to  p  . 165 

stresses  in,  caused  by  gross  loads  of  vehicles  15,46 
traffic  data  for  bridges  across  Hudson  and 

Delaware  rivers      ...      ..     17,  22,  24  27 

Brine  from  oil  field,  chemical  analysis  of—    ~'.i 

Broadening  the  highway  program,  a 1-2, 11 

Business,  Census  of.  canvass  of  motor-vehicle 

transportation.  215 

Business  vehicles  (including  trucks,  contract 
haulers,  and  common  carrier  ve- 
hicles), use  of  highways  by 17,21-23, 

26-31,  37-52,  68  71.  225  239,  211,  245 
Blisses,  motor: 

canvass  of  transportation  by 215 

commodity   hauling  in   bus   bodies   (New 

Jersey).. 31 

contacts  with  railroad  services  (Connecti- 
cut)....  

percentages  of  vehicles  observed  on  highways 

(2  States). 17.27.Cs 

registration  tags.  Connecticut  requirement 

registrations  anil  receipts  from.  1934 90-93 

traffic  survey  data  (4  States)  ...      ... 17,  22, 

23.  27,  31,  fls.  225  227,  229,  2il-2:i:i,  J 
By-pass  highways: 

planning  in  broadened  highway  program...    2,  11 
traffic  data  (2  States) 21,22,  226,  231 
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Calcium  crystals,  typical 82 

California  Division  of  Highways,  study  of  Los 

Angeles  abrasion  machine 12.5-127 

California  residual  oils,  test  data 97-108,111-116 

California  traffic  survey  data 29,30 

Camden-Philadelphia  bridge  and  ferrj  traffic..       17, 

Capillary  moisture: 

from    subgrade    soils,    relation    to    crystal 

growth  in  concrete.. 77  89 

in  soils,  film  movement  over  soil  particles   .         77 
Carbenes,     development    in    liquid    asphaltic 

materials  and  their  residues      .  .     100, 
105-107,112,114,115 
Carbon,  free,  development  in  liquid  asphaltic 

materials  and  their  residues 100, 

101,  103,  105  107.  112-117 
Carbonaceous  matter  in  liquid  asphaltic  mate- 
rials, detection  by  smear  test 99-101 

Catch-basin  inlets  at  underpasses,  design. 240 

( !ement: 

chemical  compounds  set.  up  in  hydration  of, 
!  disintegration  of  con- 
crete  7S 

soluble  constituents  of.  presence  of,  indica- 
tion by  microchemical  analysis. _. 

specifications,  r.  to  p 165 

<  lement  mortar: 

crystal  growth  in  -  78-89 

samples,   preparation  of  for  microchem 

analysis       .  80,  S4 

Cementation  test  of  limerocks  as  indicative  of 

quality  of  material.  163 

Census  of   Busines  aide  transpi 

lion  c  i  215 

Certificates  of  title  (motor  vehicle),  receipts  from, 

92 

Chemical   admixtures,    use   in   .stabilization    of 

soils 2,79,80 

Chemical  analyses: 
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140,  141 
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roads 2, 11,21,22,226,231 

motor  vehicles  owned  in 27-30,  232,  233,  237 

residents  of.  contributions   to  revenues  of 

rural  highways... 2 

traffic  in  and  between 17,  22-29, 

68-70,  225-227,  232  235,  237-239,  2 13, '.'  14 
Citrus  fruit,  transportation  of,  Floridadata  68,72-74 
Clay  content  of  soils  as  affecting  compressibility 

ofsoil 254,258 

(  Hays  and  clayey  soils: 

characteristics  of  several  clays 251,  258 

clay  hinders,  stabilization  of 87 

identification  by  subsurface  exploration    .         62, 

63,  65,  7-1 
marl   .  ...       ._.....-       ....  65,74,  159,  160 

transmission  of  sound  waves  through  62,  65,  71 

t  'limatic  conditions,  see  Freezing  and  thawing  of 
subgrades     -  Humidity        Mois- 
ture—Temperature(s)       Weal  her 
conditions. 
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installation   and   use   in   study   of  concrete 

slabs  -.  150,  151,  153-155. 

158,  172,173,185,  188,  195,203,204 

special  clinometer,  description 153,  154 

Cohesion  of  soils,  relation  tosupporting  power.  33 

( Colloidal  soils,  soil  colloids.. 87,  251 

Colorado  traffic  survey  data . 30 

Common-carrier  motor  vehicles 28  30, 

90-93,  231-237,  244,  215 
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determination 259,260,266 

relation  to  liquid  limit 259,260 

Compression  tests  of  soils: 
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turbed states  250-  252,  254 .  2.r,'.  I,  21  il  I 

Terzaghi  method  and  apparatus.  _  250-252,255  258 
Compressive  strength  of  concrete  cores,   data 
from  studv  of  design  of  concrete 

pavements 148,156,205 

Compressive  stresses  in  concrete  slabs  of  various 

designs 156. 

169,  181,  191,192,  206,  207,  210,  215,  217,  220 
set  nlso  Load-stress  relation  in  concrete  pave- 
ment slabs 
Concrete: 

disintegration,  types  of 7s,S3 

durability  as  affected  by  water-soluble  con- 
stituents in  concrete  and  soil 77-89 

elastic  properties  and  effects  of 149, 

156,  174,  188,  191,  192,  202,  21)4-206,  213.  214 

microchemica)  analysisof,  method 80  89 

strength  test  data: 

compressive  strength 148, 156. 205 

Bexural  strength 147,  14S,  156,205,219 

tests  auxiliary  to  study  of  structural  design  of 

slabs 115,  14s,  156,  169,  196,202,205 

set  also  headings  beginning  Concrete — also 
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crystal  growth  and  consequent  deteriora- 
tion  78,82-89 

design: 

balanced  cross  section  design-.  145, 149.  20 

on  basis  of  combined  stresses  ...     188, 

191-197,201-205,216-221 

on  basis  of  load  alone 201,21! 

practice,  development  of 201,202 
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study  of  structural  design,  a  145-158, 
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types  used  in  studv  of  structural  de- 
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Westergaard  theory  and  study  of  ..    32,  145, 
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relation  to— 
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warping  and  effects  of.  so, 
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weight   as  affecting  subgrade  resistance  to 
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tesl  data  for  various  materials 98, 
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Consolidation: 
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I  miers 28-30,91.93,231-237,244,245 
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-;  affected  by  vamticns  m  temperature  and 
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1511, 154, 155,  157, 169-171, 174, 1711   183, 
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without,  longitudinal  joints 219 

transverse  cracks 194,197,201,219,221 

in  exposure  test  specimens  of  liquid  asphal- 
tic materials 103, 104 

in  rigid  materials,  relation  to  disintegration 

of  materials 78, 80.  84,  85, 87, 88 

Cross  sections  of  concrete  pavements,   design, 

study  of 145-158,169   197,201-221 

<  rowns,  highway,  at  underpasses 240 

Crushed  rock,  see  Aggregates. 

Crystal-forming  materials  in  ground  waters  and 

river  waters.. 77-80,85,87-89 

Crystallization: 

of  dissolved  chemicals  in  concrete  and  mor- 
tar     7N  89 

of  limestones  during  formation,  crystalline 

limestones 159. 160 

of  water-soluble  materials  in  soils 77-89 

i  iulverts: 

concrete,  culverts,  durability  of,  investiga- 
tions of  83,85,87,83 

pecifications,  r.  to  p 165 

t 'urbs: 

as  affecting  traffic  movement  on  highways 

(Rhode  Island  data) 239 

lip-curb  design  Of  concrete  pavements 145-147, 

203,208-210,212 
Curing: 

of  concrete,  methods  used 

as  affecting  crystal  growth 82,83,88 

fur  test,  slabs. 148 

of  limerock  base  courses 161 

Curing  properties  of  liquid  asphaltic  materials 
(slow-,  medium-,  and  rapid-curing 

materials) 97-117 

( 'ur\  i's.  highway: 

effects  on  speed  of  vehicles     239.  213 

reduction  as  factor  in  highway  safety 9, 11 

Cut  back     liquid     asphaltic     materials,     test 

data 97-108,110-117 

D 

I  icllrctions: 

in  concrete  pavement  slabs: 

deflections  caused  by  warping 172, 

185-190,  204 
maximum  deflection  diagrams  for  vari- 
ous cross-section  designs 208,212-214 

measurement,  deflection  curves. 145, 

148-158,  172,  173.  185  189,  2112-214 

relation  to  position  of  load -  148-151, 

158,204-209,214 
relative  deflections  as  indicative  of  rela- 
tive stresses 149,201.  215 

in  subgrades  of  concrete  pavements,  deflec- 
tion test  data 156-158 

Deformation  limit  in  roller-stability  testsof  bitu- 
minous mixtures 135 


Page 
Deformations: 

in  bituminous  mixtures,  longitudinal  defor- 
mations as  measure  of  stability.  134-138, 
140, 141 
in  concrete  pavement  slabs: 

components  of  deformations  caused  by 

temperature  warping. 174 

measurement... 171-175, 181 

St  i  also  Stresses. 
in  subgrades...  33, 158, 182, 183, 185-187, 190, 196, 202 

Deformed  tie  bars,  use  in  test  concrete  slabs 147 

Delaware  River  crossings,  traffic  data 17,22,24-27 

Design,  highway: 
relal  ion  to 

dimensions  and  loads  of  vehicles-- 9, 

10, 37, 45,  46 

highway  safety _.    7-11 

research  needed  for  flexible  pavements. 32-33 

structural  design  of  concrete  pavements,  a.     145— 
158,169-197,201-221 
Dcs  Moines,  Iowa,  brick-on-concrete  pavements, 

mortality  of,  a.. _ 3-6, 14 

Detectors,  types  and  spacings  used  in  seismic 
apparatus  for  shallow  subsurface 

exploration— 63-67 

Deuterman,  Martin,  a 240-243 

Deval  abrasion  tests  of  coarse  aggregate,  com- 
parison with  Los  Angeles  tests..  125-133 

Dewey,  Ralph  L.,  a 245 

Diluents   used   in   microscopic   test   of  liquid 

asphaltic  materials. 99-101 

Distillates,   distillation  residues,   of  liquid  as- 
phaltic materials: 

specification  requirements... 97 

test  data  for  various  materials 97-117 

Distillation  tests  of  liquid  asphaltic  materials: 
data  for  slow-,  medium-,  and  rapid-curing 

materials 97-100, 

102, 103,  105-107,  112,  113, 115-117 
disl  illation    losses,    relation     to    exposure 

losses 102, 103, 105, 115, 116 

District  of  Columbia  area,  weather  conditions..     175, 
176,  179, 180, 184, 185, 189, 195, 196 

Ditches,  gravity,  at  underpasses 240 

Divided  highways,  multiple-lane  highways,  as 

factors  in  highway  safety...  7, 9, 239, 243 

Dolomite,  abrasion  tests  of 127-133 

Dowel  spacing,  effect  on  action  of  joints  in  con- 
crete pavements 145, 147 

Drainage: 

of  muck  layers  in  fill,  relation  to  fill  settle- 
ment....   249,252-254,260,261 

of  subgrades,  relation  to  crystal  growth  in 

concrete 88,89 

of  underpasses,  automatic  pumping  units.  240-243 
of  water  from  soil  sample  in  compression 

test 251,252,256 

surface  drainage,  chemical  analyses  of 79 

Dredging  operations  in  mining  of  limerock 160, 161 

Drivers  of  motor  vehicles: 

driving  habits  in  regard  to  speed  and  traffic 

control  devices.  8, 10, 46,  238,  239,  243,  244 

intoxicated  drivers 7,8, 10 

licensing  of : 9-11 

permits,  receipts  from  (1934)  _  _ 92 

Drought,  roadside  plantings,  survival  of  (Iowa).        34 
Ductility  of  residues  of  liquid   asphaltic  ma- 
terials: 

specification  requirements 97 

test  data  for  various  materials 99, 

103-106,112,113,116,117 
Durability: 

of  bituminous  materials,  tests  for,  research 

needed 32 

of  concrete,  relation  to  water-soluble  soil 

constituents.. 77-89 

Dust,  as  affecting  results  of  abrasion  tests  of 

coarse  aggregates 126,133 

Dust  content  of  bituminous  paving  mixtures, 
variations  in  as  affecting  relation 
between    void   content   and   sta- 
bility of  mixtures 137-141 


Earth  currents: 

as  affecting  earth  resistivity  measurements.  58-61, 

74 

measurement  of.. 59-61,74 

Earth  resistivity  method  of  subsurface  explora- 
tion  57-63,  74 

Edge   deflections  in  concrete  pavement  slabs 

under  load... 158 

Edge  loads  on   concrete  pavement  slabs  and 

stresses  caused  by.. 145, 

149-153, 169-175,  188, 194-197,  201-221 
Edge  thickening  of  concrete  pavement  slabs  as 
affecting     structural     action     of 

slabs... 145-147,149,170, 

178,  179,  185, 186,  188, 193-197.  201-221 
Edge  warping  of  concrete  pavement  slabs,  edge 

warping  stresses... 172-175, 

185-197, 217-221 
Elasl  ic  run  cs  for  concrete  pavement  slabs  under 
load: 

various  positions  of  load 205,206,213 

warping  slabs 188 

Elastic  deformation  of  subgrades: 

under  movement  of  concrete  slabs.. 182, 

183,  185-187, 190,  196,  2112 
under  wheel  loads  on  flexible  pavements 33 
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Elastic  properties: 

of  concrete  pavement  slabs: 
as  affected  by — 

moisture  condition  of  slabs        156,  204,  205 

width  of  slab _      205 

as  aU'ecting  development  of  stresses 149, 

171, 188, 191,  192,  202,  205,  206,  213,  214 

of  undersoils  of  (ill  on  muck  beds_ 251,  254 

Elasticity,  modulus  of,  data  for  concrete  test 

Slabs 174,192,205 

Electrical  currents  (stray  currents),  effects  upon 
earth    resistivity    measurements 

and  compensation  for 58-62 

Electrical  equipment  for  power  units  at  under- 
passes  ..  242,243 

Electrical  resistance  telemeters 157, 181 

Electrical  resistivity  method  of  subsurface  ex- 
ploration   57-63,74 

Electrical  seismograph  for  field  use 63-67,74 

Electrodes  in  earth  resisth  ity  measurements: 

center  potential  electrodes 59,60,74 

four-electrode   method,   single-electrode 

method,  of  measurement 57-63, 71 

spacing,  standard  adopted 60 

Electrolysis,  stray-current-. - 58-62 

Electrolytic  properties  of  soil  particles,  films,  and 

adhesives- 79,80 

Eliot,  William  O.,  3d.,  a 7-11 

Employment: 

in  commercial  motor-vehicle  operation,  can- 
vass of 245 

see  also  Unemployment  relief. 

Ebtvbs  torsion  balance 57 

Evaporation: 

as   affecting   length    changes   in    concrete 

slabs 179, 180 

as  aid  in  formation  of  limestones 1 59 

from  free-water  surfaces,  data  for  vicinity  of 

Washington,  D.  C 179 

of  liquid  carrier  of  dissolved  chemicals  in 
concrete,     relation     to     crystal 

growth  in  concrete 78,  79, 82,  88 

Evaporation  tests  of  liquid  asphaltic  materials, 
losses  in,  comparison  with  ex- 
posure losses 98-105 

Excavation  materials,  preclassification  by  sub- 
surface exploration 57,  74 

Excise  taxes  on  motor  vehicles  (1932),  r.  to  p 52 

Exemptions,  motor-fuel  tax  (1934) lis.  ipi 

Expansion: 
of  concrete: 

coefficient  of  expansion,  determination 

in  stud  v  of  design  of  slabs 1 56, 

157,  179-181,  183,  184,  196 
longitudinal  expansion  of  slabs: 

amount  per  mile,  vicinity  of  Wash- 
ington, D.  C 181 

as  affected  by  variations  in  tempera- 
ture and  moisture 145,  148,  154, 

169-171,  174, 175,  179-184,  189,  196 

measurements 145, 149, 150, 154, 

155, 157, 169-171,  174,  179-183,  189,  196 
restraint  to,  offered  by  various  joint 

designs... 149.150,154.  195 

see  also  Warping  of  concrete  pavement 
slabs. 

of  invar  reference  bar,  coefficient 154 

of  mortar  during  crystal  growth  ..        88 

of  soils,   load-expansion  data  for  undersoils 

of  fill  on  muck 251,252,251   256 

Expenditures: 

by  tourists  in  Florida 71, 72 

highwaj  expenditures,  sei  Federal-aid  high- 
way system— United  States  Public 
Works  road  construction— United 
States  Works  Program. 
operating     expenditures     for     commercial 

motor  vehicles,  canvass  of.. 245 

Exploration,  subsurface ...     ...  57-67,71 

Exposure  residues  of  liquid  asphaltic  materials, 

test  data 101-117 

Exposure  tests  of  liqui  i  asphaltic  materials.  97. 

98,  100-117 

Extensometers,  us"        156 

Extrusion  tests  of  bituminous  mixtures 134,  136 


Farms  and  villages,  motor  vehicles  owned  by 

residentsof 27  30,232,233,237 

Federal-aid  highway  system: 

currenl    tatusofroad construction  .  ..      15, 

L6  35,  36,53,54,  ,    .  76,94,95,  121,  122. 
142,  143,166,  167,  198,  199,222,246,  21 

extension  of,  broadened  program  for... 1-2, 11 

Federal  ownership  of  motot  vehicli  sei  Gov- 
ernment ownership  of  motor  ve- 
hicles. 

Feeder  roads,  secondary  roads         l, 

2,  55,  96,  123,  ill,   His.  200;  rear  covers 
of  Nos.  1.  2,4. 
see  also  Federal-aid  highway  system     Rural 
road      Traffic,  highway    United 

Stales     Public     \\  01  ks    mi, I    con- 
st met  urn     I   nite.l    Slates    \\  0! k 
Program  (highwaj  projeel 

Fees.  •;,,  Licenses  and  permits,  license  fees — 
Registration  and  other  fees  (motor 
vehicle) 

Ferries   across  Hudson  and   Delaware  rivers, 

traffic  data 22,24-27 
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Filler,  lime  itone,  u  d  in    i  ibilil  s  te  t  specimens 

•  it  bituminous  mixtures  137 
I  illei  .  joint,  type  used  in  experimental  con- 
crete ilabs  1 16 
Fills  placed  on  muck  beds,  settlement  of,  pre- 
dicting, a 149  26C 

Films: 

formation  bj  cementing  materials  in  adher- 
ing to  solid  surfaces ...   79 

of  liquid  asphaltic  materials,  exposure  tesl 

data  ..    .   97,  100-105.  112,  1 1H.  115-117 

surrounding  soil  particles 77,  79.  80,  81 

Fines   and    penalties,   motor   vehicle,   receipts 

from  (1934)  92 

Fissures  in  rigid  materials  as  aids  to  crystal 

grow  lb  ..  78,80,84,85,87,88 

Flash  point  of  bituminous  materials: 

specification    requirements    for    liquid    as- 
phaltic materials 97 

test  data  for  various  materials  as.  i.:, 

Flexible-type    bituminous    roads,    needed    re- 
search, a. .  32,33 
Flexural  strength  of  concrete,  data  for  concrete 

used  in  tesl  slabs...    147,  14S,  156,  205,  219 
Flo  it    of  liquid  asphaltic  materials  and  their 
residues: 
specification   requirements   for   distillation 

resid  ties 97 

test  data  for  various  materials ...  98-100, 

103,  104,  112-114,  116 
Flocculation  factor  of  limerocks,  determination, 

method  of 162 

Flocculation  of  insoluble  matter  in  microscopic 

tests  of  liquid  asphaltic  materials.  99- 101 
Flocculation  tests: 

as  indicative  of  quality  of  limerocks. .   162,  164,  165 
data  for  soils  similar  to  undersoils  of  til!  at 

Four  Mile  Run 260 

Florida  road-building  materials,  limerocks 159  165 

Florida  traffic  survey  report,  extracts  from 68-74 

Flow  of  soils,  data  for  undersoils  of  fill  at  Four 

.Mile  Run..  249-251.  253.  254,  257.  263,  264 
Fluxed  materials,  see  Liquid  asphaltic  materials. 

Footpaths,  need  for. 1.2,9,11 

Force-displacement  curves  for  horizontal  m 

ment  of  concrete  slab  ...         1X1-184 

Forecasts  of  service  life  of  pavements 3, 5,  6,  14 

Foreign,  out-of-State,  motor-vehicle  traffic,  traf- 
fic survey  data 17, 

20,  22,  24  -29,  68,  70-74,  225-239 

Foundation  exploration  57 

Foundation  settlement  estimation  from  compres- 
sion tests 265 

Four-lane  roadways  as  factors  in  highway  safety.  7.  239 

Four  Mile  Run,  fill  settlement,  study  of 249-266 

Freezing  and  thawing  of  subgrades,  effects  on 

concrete  pavements 175, 

185,195,  196.202,216,217,220 
Freight  transportation  by  motor  vehicles: 

canvass  of— 245 

registrations  of  freight  motor  vehicles  and 

receipts  from,  1934 90  93 

see  also  Trailers  and  semitrailers -Trucks, 
motor. 
Frevssinel  method  of  com  >  nstruction, 

r.  top 153  (fn),  181  (fn) 

Friction: 

as  factor  in  subgrade  resistance  to  horizontal 

movement  of  concrete  slab  169, 

is:;  is;,,  im, 
coefficient   of  friction   in   computation   of 
stresses  developed  in  concrete  slabs 
by  horizontal  mo\  emenl  . .      185 

internal  friction  as  cause  of 

Stability   of  base  courses  of  macadam 

type..    32 

supporting  power  of  soils  .       33 

Friction  load  on  pumps  at  undei  passe  i,  pipes  for 

redact  ion  of         ..  210 

Fruit,  transportation  by  motor  truck  ....  51,68,72  71 
Fuel,  motor: 
consumption: 

Florida  and  ( Jonnecticut  data      68,  72,  225.  214 
statistic  foi  1934  with  percentage  change 

from  |.ie\  urn    j  ear 1 18,  1 19 

for    highway   and    for   oilier   uses,   tax   data 

134)  lis   120 

taxes  (amounts  assessed,  amounts  exempted, 

ii ml     subjeel    to  refund,  rales, 

earnings),  1934  I 

transportation  on  highways,  truck  survej 

dala  ..        ..   51,52 

Funds,  highway,  see  Federal-aid  highway  sys- 
Taxal  ion  ol  motor  v  ehieles 
United  Statei    Public  Works  road 
construction      United      SI 
Works  Program. 


i  lasoline,  see  Fuel,  n 

Gel  films  on  soil  particle 79,  f 

Geophysical  exploral  ion 

George  Washington  Bridge,  traffic  data      ..  17,24  27 

i  leorgia  road-building  materials,  limerock 

ill  I;   R ii -x     apparatus    for    measurement    of 

earth  resistivity         ..  .   59,61, 71 

Glass  (plate  and  \  ita),  use  as  cover  for  exposure 
specimens  of  liquid  asphaltic  ma- 
terial 100,115-117 


Page 
Gneiss  (biotite),  gneissoid  granite,  abi  ision  ti 

data  133 

i  Io\  eiiimeiii  ow  nership  of  motor  veh 

data  for  trucks  observed  on  New  Jersey  high- 
wax  S  27, 28 
registrations    of    publicly    owned    vehicles. 

1934  90,91 

tirade  crossings,  railroad: 

elimination  (general)  I.  2,  7,9,  II 

projects  of  I  Inited  States  Works  program  224, 

248;  rear  cover  of  No.  12 

underpasses,  automatic  pumping  units  for       240- 

Orade separations,  highway 2,7,9 

<  Irades,  highway: 

at  underpasses  served  by  pumping  units      240,  242 

effei  t  -  mi  movement  of  traffic  239,  243 

Grading: 

■  a  tggregates,  see  Aggregates. 

of  structural  limbers,  guide  to,  r.  to  p  165 

Grading  costs,  highway,  estimating  on  basis  of 

subsurface  exploration  57 

i  Iran  lie.  gran  i  lie  materials,  abrasion  tesl  data  125, 

127,  12s.  133 
Gravel  aggregates: 

ibrasion  tests,  comparative  data  for 

Deval  and  Los  Vngeles  tests      .     ..  125-128, 

131-133 

rounded  and  angular  particles..    .    127,  12s,  133 
rounded  grave!  for  use  in  concrete,  wear,  spe- 
cifications .   125,  128 

Gravel  deposits: 

location  by  subsurface  exploration 57, 

58,61,63,74 

transmission  of  sound  waves  through 62 

Gravel  layers,  sand  and  gravel  layers,  in  fills  on 

muck  soils      2 19,  250,  254,  257,  262-265 
Ground  xx  atei 

chemical  content  sufficient  for  plant  growth 

in 77,  ss 

crystals  from S7 

microchemical  analysis,  method 80 

see  also  Drainage. 
Guard  rails  (wire  rope),  specifications,  r.  to  p  165 

Gumbo  soils,  crystal  growth  in 82,  86,  89 

Gypsum  crystals        .  .  .     .  .82,89 


H 

Hall,  J.  M„  a 34 

Hardness: 

of  bituminous  materials  and  their  residues. 
penetration  data  for  various  ma- 
terials  97-100,  103-107,  112-117,  137 

of  rock,  abrasion  losses  and  wear  of  various 

materials 125-133,  137 

Heat   tests   (laboratory)   and   exposure   tests  of 
liquid   asphaltic  materials,   com 

parative  data. _.    97-117 

Height-  capacity  relations  of  commercial  motor 
\  eludes   observed   on    Maryland 

highways 37,33,  18-51 

Heterogeneity  of  liquid  asphaltic  materials  and 
their  residues: 
materials  likely  to  be  heterogeneous.    .  108 
test  data...                                      97,9s,  107  115.  117 
Highway   departments   (State),   tr. insfer   of  au- 
thority to                                   2,  11 

Highway  Research   Hoard,  annual  meeting,  no 

i  ice  Ol  165 

Highway  system  in  the  United  State 

broadening  the  highway  program,  a...  ....  1.2,  1 1 

development  of,  historical  sketch  1,2 

see    also     Federal-aid     highway    system 
United  Stales  Public  Works  road 
construction  United    stales 

Works  Program 
Ilillman,  W.  o'B.,  joint  author,  a..  97-117 

Hills,  highway  grades,  effects  on  movement  of 

traffic  ...  239,243 

1 1  ire.  motor  vehicles  for: 

canvass  of      ..  245 

contract  earriei  28  30,91,93,231-237,244,245 

>■"  also  Registrations,  motor  vehicle    Taxa- 
i  ion  of  motor  vehicles. 
Holland  Tunnel,  trafficdatii  17,24-27 

Homogeneity  of  liquid  asphaltic  materials  and 
i  heir  residues: 
materials  likely  to  be  homogeneous  His 

tesl  data  .  97,98,  107  115, 117 

Hubbard-Field  and  roller  stability  testing 

chines  and  results  obtained  from. 
comparative  data  134  141 

Hubbard  Field  .lability  tests: 

of  bituminous  mixture  134  Hi 

of  liquid  asphaltic  materials  and  their  res- 
idue 113-115,117 
Hudson  River  crossings,  traffic  dala             17,22,21  27 
Humidity  of  atmosphere 

aiure  of  concrete  -  i  ■ 

Hydraulic  fills  on  muck  il    .   249  266 

Hydrostatic  uplift  in  soils  of  hydraulic  fill        ..      257 


I 

Idaho  i  rathe  survej  .--        30 

Impact  losses  in  abi  rela- 

tion to  shape  of  abrasive  charges.  126, 127 

Impact  on  specimens  of  bituminous  mixtures, 
prevention  in  roller-stability  ma- 
chine   ....  134,135 
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Impact  reactions  of  pavements  under  wheel 

loads,  research 33 

Improvement,  highway: 

broadening  the  highway  program,  a 1,2, 11 

relation  to  highway  safety 7,9, 11 

use  of  mortality  curves  in  highway  plan- 
ning  3-6,14 

Insulation: 

of  concrete  test  slabs 151, 154, 204,  205 

of  strain  gages 155,175,218 

Intercity  traffic  on  highways... 17-29, 

68-70,  226-235,  237,  244,  245 
Interstate  motor-vehicle  traffic,  foreign  traffic.      17, 
20, 22,  24-29,  68,  70-74, 225-239,  245 
Intoxication: 

as  cause  of  highway  accidents 7,  8, 10 

physiological  tests  of. 8 

Invar,  use  in  measuring  instruments.  152, 154, 155, 170 
Iowa     design    (lip-curb)    of    concrete     pave- 
ments   145-147,  203,  208-210,  212 

Iowa    Engineering    Experiment    Station,    co- 
operative research  (pavement  life).    3, 14 
Iowa  traffic  survey 6, 14 


Jacks,  types  used  in  testing  apparatus 138, 

151,156,157,171,173,204,212 
Johns    Hopkins    University,    cooperative    re- 
search,  weights  and   dimensions 

of  trucks,  a 37-52 

Joint  fillers  (bituminous),  use  in  concrete  test 

slabs 146 

Joints  in  concrete  pavements,  structural  effec- 
tiveness of. .. ..  145-150, 

154,   155,   170,   172,   173,   175,   185-187, 
192,  195,  201,  203,  205,  213-216,  219. 

K 

Kaolin 77 

Kelley,  E.  F.,  a 32-33 

Kelley,  James  A.,  a 77-89 


Lanes,  traffic,  multiple-lane  highways 7,9,239,243 

Leaching  of  soils,  effect  upon  solubility 78 

Length-capacity  relations  of  commercial  vehicles 

observed  on  Maryland  highways.       37, 
38, 48-52 
Length  changes: 

in  concrete  beams  in  tension  and  in  compres- 
sion, flexure  test  data L5fi 

in  concrete  pavement  slabs  as  affected  by 
variations    in    temperature    and 

moisture t  15, 

148-150,    15-1-157,    109-171,    174.    175, 
179-184,189,195,196,217,218. 
Level-bars,  see  Clinometers. 

Lewis,  R.  II.,  joint  author,  a 97-117 

License  law  for  motor-vehicle  operators,  stand- 
ard: 

model 10 

value 10 

Licenses  and  permits,  license  fees- 
earnings  from,  1934,  in  connection  with — 

motor-fuel  taxes... 

motor-vehicle  dealers',  operators',  and 

other  licenses 

for  outdoor  advertising  devices  (Massa- 
chusetts)   12 

granting  and  revocation  of  motor-vehicle 
operators'    licenses    as    highway 

safety  measures 8, 10,  11 

Life,  pavement,  see  Service  behavior. 

Lighting  of  highways  as  safety  measure.- 9 

Lights  of  motor  vehicles,  requirements,  observ- 
ance of,  Rhode  Island  data 243.211 

Limerocks,  road-building 32, 159-165 

Limestone: 

formation 159,  160 

test  data  for  various  limestones 127-133, 

137,  147,  1' 

wear,  specification  for... 125 

Limestone  dust  used  in  stability  test  specimens 
of  bituminous  mixtures: 

characteristics. 137 

percentage  variations  as  affecting  relation 
between  void  content  and  stabil- 
ity of  mixtures _ 138-141 

Lip-curb  design  of  concrete  pavements 145-147, 

203,  20S-210,  212 
Liquid  asphaltic  materials: 

manufacturing   processes   as   indicated    by 

tests 97,99,108-113,117 

specification  requirements 97 

studies,  test  data... 87-117 

Liquid  limits  of  soils,  data  for  various  soils 146, 

162,  164,  25(1,  251,  253,  254,  266 
Load-compression,   load-deformation,   data   for 
undersoils  of  till  at   Four   Mile 

Hun.. 251 

deflection  tests: 

of  concrete  pavement  slabs 1 15,  1 18  155, 158. 

171-175,  188,  202-214,  220, 221 

of  subgrades  of  concrete  slabs 156  158 

Load  distribution  by  pavement  to  subgrade: 

experiment  with  concrete  slabs 155 

variables   to   be   considered    in   design   of 

flexible  pavements 33 


Page 
Load  duration,  relation  to: 

compression  of  undersoils  of  fill 252,259 

development  of  strains  in  concrete  pavement 

slabs 152 

Load-expansion  data  for  undersoils  of  fill  at  Four 

Mile  Run 251,252,254-256 

Load-stress  relation  in  concrete  pavement  slabs: 

area  of  influence  of  load. 201,205-221 

as  affected  by— 

cross-section  design  of  slabs 145, 148-154, 

lss -197,  201-221 
dimensions  of  slabs...  188-197,201,206,219-221 

multiple-wheel  loadings.. 213-216,220 

position  of  load...  145, 148-154, 172, 194, 202-221 

size  of  bearing  area  of  a  given  load 151-153, 

203,212,216 

structural  action  of  joints. 145, 

148-150,  205,  213,  214,  219 
subgrade     conditions     and     subgrade 

resistance.. 157,  158, 

169,171,    181-187,  190,  195,  196,  201-203, 
209,   211,  214,  216,  217,  220. 

warping ._ 155, 169-175, 

188, 194-197,  201,  202, 204,  216-221 

formulas  for  calculating 205 

Westergaard  analysis  and  examination  of.  __     145, 
148-151,    169,    173,    174,    191,    192,    202, 
205,   206. 
Loading  tank  used  for  concrete  test  slabs.  151, 172, 173 
Load(s): 

application  methods  and  applied  loads  used: 

in  compression  tests  of  soils. .  251,  252, 254-263 
in  stability  tests  of  bituminous  paving 

mixtures 134-137 

in  study  of— 

cross-section     design    of    concrete 

pavements. _.  145, 148-153, 156-158, 

172, 173, 181, 182, 188,  194,  202-218,  220 
joint    designs    for    concrete    pave- 
ments   149, 150 

stress-strain  relations  of  concrete  in 

flexure 156 

subgrade  resistance  to  movement  of 

concrete  slab 156-158, 171, 181, 182 

of  motor  vehicles: 

distribution  of  gross  loads  to  axles 37, 

38,  42-46,  51 
load-capacity   relations   of   commercial 
motor     vehicles     observed     on 

Maryland  highways 37-52 

load  limitation — 

for   highway  safety   and   highway 

protection 9,37,38,45,46,52 

gross  load  formula  for  commercial 

vehicles 45,46,52 

Maryland  laws 38 

return  loads  of  trucks  (New  Jersey) 29 

survey  data 28, 29, 37-52,  72-74, 231,  235-237 

on  tires  of  commercial  vehicles  observed  on 

Maryland  highways 37  ,  38, 45,  46, 51 

see  also  Bearing  tests — Corner  loads— Edge 
loads  —  Overloading—  Pressure(s) 
—Wheel  loads. 
Local  roads,  see  Cities — County  roads— Feeder 
roads — Towns— Traffic,  highway. 
Los  Angeles  abrasion  machine  for  determining 
the  quality  of  coarse  aggregate, 

a 125-133 

Los  Angeles  and  Deval  abrasion  tests  of  coarse 

aggregate,  comparative  data 125-133 

Loss  test  data  for  various  bituminous  mate- 
rials.  97-108, 112-117,  137 

Low-cost  roads,  materials  for 32, 130-133, 161-16? 

M 

MacDonald,  Thos.  H.,  a__ 1,2,11 

"Malthenes" 106, 107 

Marble,  abrasion  tests  of 127, 128,  133 

Marking  of  highways  and  observance  of  mark- 
ings  __ 8,9,239,213 

Marls: 

data  for  marls  in  Southeastern  States 159, 160 

transmission  of  sound  waves  through 65,74 

Marshes,  depths  to  solid  bottoms  of,  determi- 
nation  57 

Marston,  Anson,  a 3-6,14 

Maryland  traffic  study  data: 

speed  of  vehicles 10 

weights  and  dimensions  of  trucks,  a 37-52 

Massachusetts  court  decision  on  regulation  of 

outdoor  advertising 12-14 

Materials,  road-building: 

location  of  by  subsurface  exploration 57-67,  74 

specifications  for,  r.  to  p.. __      165 

see  also  names  of  materials. 
Mechanical  analyses: 

of  bituminous  concrete  pavement  sections 

from  circular  test  track 141 

of  limerocks  as  indicative  of  quality 163,164 

Metal  plates  and  bars,  types  used  in  joints  in 

concrete  experimental  pavement. 145-147, 

214 

"Micelles" __ 107 

Michigan  traffic  data 22 

Microchemical  examination  of  soil  solutions,  a.  77-89 
Micrometers,  micrometer  dials: 

special  micrometer  for  use  in  concrete  slab 

investigation 154, 155, 170, 171 

use  in  testing  apparatus,  r 135,136,151, 

153-157, 171-173, 180-182, 187,  251,  255-257 
Microscopic  tests  of  liquid  asphaltic  materials. .97-101, 

112,113,117 


l'age 
Mileage  data: 

highway  mileage  data,  see  Connecticut  traf- 
fic survey— Federal-aid  highway 
system— Rhode  Island  traffic 
data—  United  States  Public 
Works  road  construction—  United 
States  Works  Program, 
vehicle  mileage  data,  see  Vehicle  mileage 
data. 
Mineral  constituents: 

of  plants,  dissolved  mineral  constituents...        78 
of  soils: 

principal  soil  minerals 77 

soluble     constituents,     microchemical 

analysis  of 77-89 

Mineral  contents  of  waters  (river,  spring,  and 

other) 77-79 

Mineral   deposits,   location   by  subsurface  ex- 
ploration..   57-67, 74 

Moisture: 

as    affecting    condition    of   limerock    base 

courses 161,164,165 

movement  through  concrete  and  mortar  as 

influencing  crystal  growth 77-89 

preservation  in  roadside  plantings,   Iowa 

methods _ 34 

see  also  headings  beginning  Moisture—  also 
Evaporation  —  Freezing  and 
thawing  —  Humidity  —  Weather 
conditions. 
Moisture  conditions  within  and  surrounding 
concrete  slabs,  moisture  varia- 
tions, and  effects  of.. 145, 148 

154-157, 169-172, 175-177, 179-181, 188- 
190,  196, 197, 204, 205. 
Moisture  contents  of  soils: 

data  for  undersoils  of  fill  at  Four  Mile  Run..    249- 
258,  261,  264-266 

determination  method 257,258,261,264-266 

relation  to— 

subgrade   resistance    to    movement   of 

concrete  slabs 158, 179, 185, 190, 196 

ultimate   compaction   of  undersoils  of      , 

fills 258,266 

seasonal  variations  in  subgrades  of  concrete 

test  slabs 179, 189, 190, 196 

Moisture  differentials  between  upper  and  lower 
surfaces    of    concrete    slabs    and 

effects  of 169, 189, 190, 197,  205 

Moisture  equivalent: 

of  limerocks... 162,164, 165 

of  subgrade  soils  of  concrete  test  slabs 146 

Molds  and  containers  used: 

in  determination  of  coefficient  of  expansion 

of  concrete 157, 181 

in  tests  of— 

bituminous  mixtures 134-138, 141 

liquid  asphaltic  materials 100, 113 

Mortality  curves  for  pavements: 

computation  methods. 3, 5,  6 

data  for  brick-on-concrete  pavements 3-6,14 

Mortar,  see  Cement  mortar. 
Motor  vehicles: 

capacity,  capacities: 

manufacturer's  rated  capacity,  defini- 
tions  38 

of  trucks  and  combinations  observed  on 

highways,  load-capacity  relations.      29, 
30, 37-52,  68, 238 

common-carrier  motor  vehicles 28-30, 

90-93,  231-237,  244,  245 
contract  hauling  by..  28-30,91,93,231-237,244,245 

design,  relation  to  highway  safety 7-10 

gasoline  consumption  by  and  motor-fuel  tax 

earnings  from 68, 72, 1 18-120, 225, 244 

operating  costs: 

canvass  of... 245 

tourist  traffic  data  (Florida) 72 

ownership: 

publicly  owned  motor  vehicles,  registra- 
tions, 1934 90,91 

traffic  survey  data 27-30,231-237,244 

passenger   motor    vehicles,    traffic   survey 

data. _ 17.22, 

31, 68,  71, 72, 225, 227, 231, 232, 238, 239 
speed: 

regulation  of.l 8-11 

relation  to — 

design  of  highways 2,8-11,33,46 

highway  accidents 7-11 

traffic  study  data. 8,10,238,239 

weights  and  dimensions: 

gross  weights  of  trucks   (Connecticut 

data) 231,235-237 

limitation  of. 9, 37-39, 45, 46, 52 

of  commercial  vehicles,  relation  to  rated 

capacities  (Maryland  data) 37-52 

see  also  names  of  types  of  motor  vehicles — 
a/soheadings  beginning  Axle,  Load, 
Traffic,  Wheel — also  Fuel— Li- 
cense law — Licenses  and  permits 
— Registration  and  other  fees- 
Registrations— Taxation  of  motor 
vehicle  s — Transportation  by 
motor  vehicle. 
Motorcycles,   registrations  and  receipts  from, 

1934 90-93 

Motors  for  pumping  units  at  underpasses 240, 242, 243 
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Mt.    Vernon    Memorial    Highway,    hydraulic 

fill  settlement,  study  of 249-260 

Muck: 

characteristics  and  action  under  load 249-206 

tills  on,  settlement  of,   method  of  predict- 
ing, a 249-266 

identification  through  subsurface  explora- 
tion   62,  66 

Multiple-lane  highways. 7,9,239,243 

Multiple-wheel  loadings: 

effects  upon  concrete  pavements 213-210,  220 

see  also  Six-wheel  vehicles. 


N 


National  Safety  Council,  r.  to  p 10 

Nebraska  traffic  survey  data —  29,30 

Nevada  traffic  survey  data 30 

New  Jersey  traffic  survey  data 17-31,233 

New  Mexico  traffic  survey  data 30 

New  York  City,  traffic  to  and  from  via  New 

Jersey - 17, 19-29 

o 

Ohio  traffic  survey  data 22,29,30 

Oil  deposits,  location  by  subsurface  exploration.       57, 

63,74 
Oils,  see  Brine— Liquid  asphaltic  materials— Oil 
deposits. 

"Ojus"  rock. 160 

Oliensis  tests  of  liqiud  asphaltic  materials  and 

their  residues 97,98,107-113,117 

Oregon  traffic  survey  data 30 

Organic  matter: 

decomposed  organic  mutter  in  colloidal  clays.     251 
insoluble  constituents  of  various  bituminous 

materials  and  their  residues 98-100, 

103,105-107,116,117,137 

Orthoclase,  reaction  with  water 77 

Overloading  of  commercial  motor  vehicles  and 

tires  of,  Maryland  data 37-46,  51,  52 


Page  tests  of  limerocks 162, 163 

Paint  for  traffic  lines,  specifications,  r.  to  p 165 

Parabolic  design  of  concrete  pavements 145-1 47, 

202,  203,  208-212,  220 
Parking  of  motor  vehicles,  provision  for  on  rural 

highways 9 

Parkways _ 2,7 

Passengers  in  motor  vehicles: 

data  for  trucks... 27-29 

presence  as  affecting  drivers'  speeds 239 

Peabody,  L.  E.,  a 17-31,68-74,225-237,244 

Pedestrians: 

obedience  by  to  traffic  signs  (Rhode  Island) .      239 

part  in  highway  accidents :  8,9,11 

Penetration  of  bituminous  materials: 

data  for  various  materials  and  their  residues .      97- 
100,103-107,112-117,137 
specification   requirements   for   distillation 
residues  of  liquid  asphaltic  ma- 
terials  _.        97 

Permeability: 

of  concrete,  relation  to  disintegration 78, 88 

of  soils — 

coefficient  of  permeability,  formula  for 

computing 256,  257 

relation  to  fill  settlement 249,252-257 

test  data  for  undersoils  of  fill  on  muck.  255-257 
Permits,  see  Licenses  and  permits,  license  fees. 
Photographic  recording  apparatus  used  in  elec- 
trical seismograph 63-65 

Photographic  records  made  in  seismic  explora- 
tion   65-67 

Piers: 

bridge  piers  as  channel  obstructions,  r.  to  p..       89 

deterioration  just  above  the  water  line 78 

Pittsburg,    Calif.,    test    road,    thickened-edgo 

concrete  slabs 201 

Placing  of  concrete: 
methods — 

and  equipment  used  for  test  slabs 148, 149 

as  influencing  disintegration  of  slabs 83 

Planes  o[  weakness,  in  concrete  pavements...  145-147, 

185, 186 
Planning,  highway,  see  Improvement,  highway. 

Planting,  roadside 1,34 

Plastic  flow  as  affecting  stress  developed  in  con- 
crete slab  by  moisture  warping 190 

Plasticity,  plasticity  indexes: 

of  limerocks 101, 162, 164, 105 

Of  soils 87,146,250,251,254 

Poisson's  ratio  applied  to  concrete 1 74, 205 

Population  density,  relation  to: 

highway  planning 2, 11 

use  of  highways _  22, 

24-27, 68,  225.  226,  232,  233,  237,  238 
Porosity  of  soils  as  aid  in  settlement  of  fills  on 

muck  beds 249,258-261 

Porous-cup    method    of   measuring    earth    re- 
sistivity  ._ 59-61 

Porous  stones,  use  in  soil  compression  device. .  251, 261 
Power  units  for  pumps  at  underpasses..  240,242,243 
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Pressure(s): 

distribution  on  pavements  and    u 

research  needed  33 

of  concrete  slabs  against  subgrades: 

measurement. 155,  186,  187 

subgrade  resistance  to.. 33,    150-158, 

109-171,    179,   181-188,    190,   196,   201,   220 
pressures  acting  on — 

soil  samples  in  compression  tests..  252,  254-206 

undersoils  of  hydraulic  fill 261-266 

see  also   headings   beginning    Compression, 
Compressive,     Load— also     Sub- 
grade  pressure — Vapor  pressure. 
Prime   coats,    bituminous,    on   limerock    base 

courses _ 161-103 

Probe   borings   in   fill   construction   on   muck 

beds 249,250,200 

Programs,  highway,  see  Improvement,  highway. 
Prohibition,  repeal  of  as  affecting  highway  acci- 
dent rate 7,8 

Proportioning: 

of  bituminous  paving  mixtures,  variations 
in  proportion  as  affecting  relation 
between  void  content  and  sta- 
bility of  mixtures 137-141 

of  concrete,  proportions  used  in  test  con- 
cretes  -■ 82, 147 

Proportioning    plant    used    for    concrete    test 

slabs 147, 148 

Pumping   units    (automatic)    for   underpasses, 

a -. 240-243 
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Quarry  material,  location  and  depth  of,  deter- 
mination by  subsurface  explora- 
tion  57,  74 

Quartzite,  abrasion  lest  data 127,128 


Railroads: 

citrus  fruit  transportation  by  (Florida) 73 

contacts  of  motor  truck  and  bus  traffic  with 

(Connecticut) 231-233 

highway  improvement  in  relation  to  new 

railroad  programs 2 

see  also  Grade  crossings,  railroad. 
Rattler  tests: 

abrasive  charges  for 125-127, 129, 131 

Los  Angeles  rattler  tests  of  coarse  aggre- 
gate   125-133 

Reflection  shooting  in  seismic  exploration 03,  64 

Refraction,   indexes  of,   data  for  distillates  of 

liquid  asphaltic  materials 98 

Refraction  shooting  in  seismic  exploration. 04-07 

Refrigerator  trucks,  New  Jersey  traffic  survey 

data. 31 

Refunds  of  motor-fuel  taxes,  1934 118-120 

Registration   and   other   fees   (motor   vehicle), 

receipts  from,  1934 92,93 

Registrations,  motor  vehicle: 

data  for  Florida  and  Connecticut....  68,225,226 

statistics,  by  States,  1934 90,91 

Regulation(s),  see  Advertising,  outdoor— Li- 
cense law— M  o  tor  vehicles  (weights 
and  dimensions)— Traffic  regula- 
tions. 
Residuals,  asphaltic,  homogeneity  of,  hetero- 
geneity of 108,  111-113 

Residues  of  liquid  asphaltic  materials,  charac- 
teristics developed  in  exposure  and 
in  laboratory  tests,  comparative 

data 97-99, 103-117 

Resistivity  curves  for  soils  and  rocks 58,60-63 

Resistivity  method  of  subsurface  exploration.  57-03,  74 
Retaining  walls,  durability  of,  investigations...      77, 

83,85,88 
Retirements   of  brick-on-concrete    pavements, 

study  of    3-0,14 

Return  loads  of  motor  trucks,  Now  Jersey  data. .        29 
Revenues: 

highway  revenues: 

diversion  to  other  than  highway  uses...         2 

motor-fuel   tax   earnings,    1934 120 

motor-vehicle  receipts,  1934 92,93 

operating  revonues  of  commercial  motor  ve- 
hicles, canvass  of. 245 

Rhode    Island    traffic    data 8,238,239,243.244 

River  crossings  (New  Jersey),  traffic  data.  17,22,24-27 

River  waters,  chemical  analyses  Of 78,79 

:  behavior,  road  life,  see  Service  behavior. 
Roadside  conditions: 

as  affecting  movement  of  traffic  on  high- 

..    239,243 
regulation    (Massachusetts)    of  advertising 
devices    within    public   view    of 

highways 12-14 

I  ide  planting  (Iowa),  drought  survival 

Robeson,  F.  A.,  a 249-260 

Rock- 
deposits   of,    location    by    resistivity    and 

seismic  methods  .07,71 

disintegrated  rock  as  source  of  mineral  con- 
stituents ot  soils.  77 

itions  of,  estimates 57,  74 

limerocks,  road-building 159-165 

toughness  tests..-  

transmission  of  sound  waves  through  62  G7,  i  I 

see  also  Aggregates. 
Rogue  River  bridge  tests,  r.  to  p 153  (fn),  18 


Roller  stability  testing  machine  for  bituminous 

mixtures,  a 134-141 

Roller  tests: 

of  bituminous  paving  mixtures  i  4-141 

of  crushed  materials  lor  low-cosl  load  con- 
struction 
Runner,  D.  G.,  joint  author,  a. 
Rural  roads: 

reconstruction  requirements  in  Iowa,  fore- 
casts of 6,  II 

revenues,  contributions  to  by  city  users  of 

ray: 2 

service  behavior,  cooperative  investigation 

Of..  3,11 

seealsn  Federal-aid  highway  system  -Feeder 
roads  -Traffic,  highway  -United 
States  Public  Winks  road  con- 
struction—United  Stales  Works 
Program. 

S 

Safety,  highway,  and  factors  affecting       -  7-11, 

13, 14,  239,  243,  24  I 

Salt  crystals  from  concrete. .  85,89 

Sampling  methods,  samples: 

concrete  pavement,  adjacent  subgrade,  and 
mortar    sampling    in    study    of 

crystal  growth.. 80,82  84 

limerock  samples  and  tests  of 161-165 

sample  borings  in  lill  construction  and  tests 

of  cores 249-20G 

soil  samples,  preparation  for— 

compression  tests 

leaching  experiments 7s 

microchemical  analyses 80,  83,  84 

standard  specifications  for  highway  materials 

and  methods  of  sampling,  r.  to  p. .     165 
Sand  aggregate: 

characteristics  of  sands  used  in- 
bituminous  test  specimens 113,  11 

concrete  test  slabs 147 

variations  in  sand  content  as  affecting  rela- 
tion  between  void  content  and 
•     stability     of     bituminous     mix- 
tures    137-141 

Sand  and  gravel  fills  on  muck  beds,  settlement 

of 241)  266 

Sands  and  sandy  soils: 

as  admixtures  in  limerock  base  courses 161 

crystals  from  sand  cushion  of  concrete  road-.        87 
identification  by  subsurface  exploration.   57,02,03 

sandy  limerocks 159, 100, 103,  164 

transmission  of  sound  waves  through..        -        62 
Sandstone: 

abrasion  tests  (Deval,  Los  Angeles) 129-133 

calcareous  sandstone,  Coquina  limestone-..      100 
Scaling  of  concrete,  association  with  growth  of 

crystals 80, 

Screens  and  sieves,   types  and  sizes   used   in 

various  tests...   126, 127, 131, 137,  141,  102 
Strews  in  circular  test  pavement,  movement  in 

tests  of  bituminous  mixtures 140. 141 

Sea  water  as  cause  of  disintegration  of  concrete 
Secondary  roads,  see  Feeder  roads,  secondary 

roads. 
Sediment: 

accumulations  in  sumps  and  power-units 

at  underpasse  ...  240,  242 

river-bottom  sediment,  (muck),  settlement 

of  (ills  placed  on 24 

Seismic  method  of  subsurface  exploration. 57, 02-07,  74 

Seismograph  for  field  use 63-07,74 

Service  behavior: 

of  bituminous  paving  mixtures,   tests  for 

determining 134  111 

of  bituminous  roads  (flexible  type),  research 

needed 32,33 

of  brick-on-concrete  pavements.' 

computation  method.. 3,5,0 

study   of  pavements   in    Des   .Moines, 

Iowa 3-0,14 

of  limerock  roads,  tests  for  predetermining  101-105 
of  low-cost  roads  as  indicated  by  abrasion 

tests  of  aggregates- 125, 130-133 

of  rural  roads,  cooperative  investigation  of..    3,  14 
Settlement: 

of  concrete  slabs  into  subgrades  as  affecting 

restraint  to  warping 

of  fills  placed  on  muck  hods,  method  of  pre- 
dicting, a 249  266 

Sewers  at  underpasses 241 

Shear  tests  of  bituminous  mixtures 13 

Shear  in  highway  bridges,  r.  to  p 

Shell  conglomerate,  shells: 

in  limestones 

transmission  of  sound  waves  throt  ..        74 

Shepard,  E.  R.,  a 

Shoulders  of  highv. 

influence  upon  traffic  move  it  u- 

waj 
wide  shoulders  for  parking  9 

Shrinks 

of  limerocks  . 

of  liquid  asp 

of  soils 77,  1. 

Shrubs  for  roadside  planting,  drought  sin. 

(fov.  34 

Sieves,  see  Screens  a 

Sight  distances  on  highways 9, 11,240,  244 
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Signs: 

outdoor  advertising  signs,  regulation  of 12-14 

traffic   signs   and   signals   and   observance 

of 8,9,239,243,244 

Silts  and  silty  soils: 

test  data  for  silt  loam  subgrade  soil- 146 

transmission  of  sound  waves  through 66 

Six-wheel  vehicles; 

axle  distribution  of  gross  weight 42 

demands  upon  road  strength  (general) 40 

effects  upon  concrete  pavement  slabS-_213-216,  220 
gross  weight  restrictions  and  violations  of 

(Maryland) 38,39 

loads  of,  Maryland  observations 38^2,46.  51 

Skidmore  stability  test  of  bituminous  mixtures.      134 
Skyline  Drive,  Va.,  earth  resistivity  measure- 
ments    61,62 

Slag,  blast  furnace' 

abrasion  tests  (Deval,  Los  Angeles) 125-128, 

131    133 

wear  specification  for  slag  for  concrete 125 

Slaking  time  of  limerocks  as  indicative  of  quality 

of  material 162, 163 

Slides  during  fill  construction  on  muck  beds...       249, 

250,  257 
Smear  tests,  microscopic  tests,  of  liquid  asphaltic 

materials 97-101,  112,113,117 

Sodium  crystals 81-83 

Softening  point,  test  data  for  bituminous  ma- 
terials and  residues  from 99, 103, 106, 

112,116,117,137 
Soil  constants: 

determinations  for — 

limerocks 162, 164 

undersoils  of  fill  on  muck  beds... 250,  251 

r.top 251(fn) 

Soil  flow,  data  for  undersoils  of  fill  on  muck 

beds 249-251,  253,  254,  257,  263,  264 

Soil  grains,  soil  particles: 

coatings  on  surfaces  of 77,79 

mixture  with  adhesives  in  stabilization  of 

soil ... -.  79,80 

Soil  minerals: 

data  for  limerocks 159,160,162,163 

principal  soil  minerals 77 

Soil  moisture,  see   Moisture  contents  of  soils- 
Soil  constants— Soil  solutions. 
Soil  pressure  cells,  installation  and  use  in  tests..     155, 

186,  187 
Soil  samples,  see  Sampling  methods. 
Soil  science,  see  Soil  constants— Soil  solutions- 
Soil  stabilization. 
Soil  solutions: 

crystal  formations  in 78-89 

force  holding  solution,  magnitude  of 77 

microchemical  examination  of,  a '•  89 

movement  through  concrete  and  mortar..  78-80, 
82, 83,  85,  ss.  89 

plant  growth  in 77.78,88 

presence  in  water 88 

Soil  stabilization 32,77,79,80,87,  16] 

Soil  survey  data  for  subgrade  of  concrete  test 

slabs..     116 

Soils: 

resistivity  of,  measurement  methods 57-63,  74 

tests: 

data  for  various  soils. ..    .. .  80, 

I  16,  148,  156-158,  161-165,2511-263 

standard  methods,  r.  to  p 165 

voids  ratios..  251,  252,  254,  256-266 

lits: 

computation    in    estimating    consolida- 
tion of  hydraulic  Ml...     256,  257,  261,  262 
data  for  undersoils  of  hydraulic  fill    ...       249. 
255-258,260  262,264,265 
set   also  names  of  soils  -also  headings  be- 
ginning Soil. 
Solubility: 

of  bituminous  materials: 

pecification   requirements  for   distilla- 
tion  residues   of  liquid   asphaltic 

materials -        97 

lest  data  for  various  materials  and  resi- 

dues  from  .  97-100. 

KB,  105-108,  112,  115-117,  137 

of  lime 159 

of  soil  ingredients: 

as  affected  by  heating  of  soil. 78 

as  affecting  crystal  growth  in  concrete 

and  mortar  77  89 

kinds  and  quantities  of  soluble  constitu- 
ents of  soils.    ..  77  79 
significance  in  problem  of  stahlization  of 

soils...  77,79,80,87 

Solvent  effects  of  water  in  soil  78,  79 

Sound    waves,    transmission   through   soils  and 

rocks  62-67,74 

Specific  gravitylh 
of  aggregates: 

as  affecting  Los  Angeles  abrasion  test 

results  126,  133 

data     for    several     bit  uminou      i re 

gate  113,137 

of  liquid  asphaltic  materials  and  their  dis- 
tillates 
relation  to  susceptibility  of  materials  to 

changes  in  temperature    tn7. 112, 114-116 
test  data    ..  .........  98 

of  materials  used  in  tesl  specimens  of  bitu- 
minous mixtures  137 
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of  soil  solids,  data  from  studv  of  fill  settle- 
ment         ..  255-257,261,266 

nl  watei  256,261 

Specifications: 

for  bituminous  materials 32,97, 165 

for  coarse  aggregates,  specification  tests 125, 

127,  128,  131-133 
for  highway  materials  and  highway  bridges, 

r.  to  p 165 

Speed(s),  see  Motor  vehicles— Sound  waves. 
Spot  tests  (Oliensis  tests)  of  liquid  asphaltic  ma- 
terials and  their  residues 97, 

98, 107-113, 117 
Stability: 

of  bituminous  roads  and  their  component 

parts,  research  needed. ..  ..  32,33 

of  fills,  settlement  of  fills  placed  on  muck 

beds 249-266 

of  limerock  base  courses 161 

Stability  tests: 

of  bituminous  materials,  simple  test,  need 

for 32 

of  bituminous  paving  mixtures 134-141 

of  liquid  asphaltic  materials  and  their  resi- 
dues..  97,102,113   117 

Stabilization  of  soils.. 32.77,79,80,87,161 

Stain  tests  (Oliensis  tests)  of  liquid  asphaltic 

materials  and  their  residues 97, 

98,  107-113, 117 

State-aid  roads  (Connecticut) 225,244 

State  highway  departments: 

establishment  of 1 

jurisdiction  of,  in  Connecticut 225 

transfer  of  authority  to 2,  11 

State  highways,  see  Traffic,  highway. 
Steel  plates  and  bars,  use  in  joints  in  experi- 
mental concrete  slabs 145-147,214 

Stone,  see  Aggregates — Rock. 
Strain  gages: 

installation,  insulation,  and  use  in  study  of 

design  of  concrete  slabs 149-153, 

155,  156,  171,   173-175,  180,  181,  202- 
204,  212,  218. 

special  strain  gage,  description 152, 153 

Strains: 

in  concrete  in  compression  and  in  flexure, 
data  for  concrete  used  in  experi- 
mental slabs 156 

in  concrete  pavement  slabs  (warped  and  un- 
warped  slabs),  for  various  positions 

of  load 145,148-155, 

172-175,  202-205,  212,  213,  217 
Straw  layer  as  protective  covering  for  concrete 

I  lavement  slabs 151, 154, 204,  205 

Strength  tests  of  concrete  used  in  experimental 

slabs  ..   147,  148,156,205,219 

Stress-strain  relation  of  concrete  in  compression 
and  in  flexure: 

apparatus  for  determining 156 

test  data.. 148,156,205 

Stresses: 

in  bituminous  pavements,  shearing  stresses 

and  measurement  of  resistance  to.      134 
see  also  Stability  tests, 
in  bridges,  relation  to  sums  of  loads  applied  .  45,  46 
in  concrete  pavement  slabs — 
as  affected  by- 
freezing  and  thawing  of  subgrades. .     175, 
185,  195,  196,  202,  216,  217,  220 
grooves  in  bearing  blocks,  load  test 

data 152 

length  of  slabs 190-197,201,219  221 

subgrade  resistance  to  slab  move- 
ment   156  158, 

169-171, 179,  181-188,  190,  196,  201,  220 

thickness  of  slab 145-147,149,170.  171. 

182-185,  188,  190-194,  196,  197,  201-221 
variations  in  temperature  and  mois- 
ture     145,154, 

155,  169-197,  201,  202,  217-221 
combined  stresses  and  consideration  of 

in  slab  design 188, 

194-197,  201-205,  216-221 

compressive  stresses 159.  169, 

181.  191,  192,  206,  207,  210,  215,  217,  220 

computation  methods 174, 

183-185,  191,192,205,212 

daily  variations  in 190,  191 

influence  lines  for  two  typical  sections.  213-215 
load  stresses,  see  Load-stress  relation  in 
concrete  pavement  slabs. 

longitudinal  stresses 190- 194. 

196,  206,  207,  209-212.  214-216,  220 
maximum  stress  diagrams  for  various 

cross  section  designs      .  209-214,216,221 
relative  stresses  as  indicated  by  relative 

deflections 149,206-215 

st less- variation  curves  for  various  posi- 
tions of  load 207,  211.216 

tensile  stresses 169,  190, 

191, 196,  205-207,  215,  217.  220 
theoretical  analysis  of,  theoretical  stres- 
ses. _  32,  145,  148  151. 

169,  173,  174,  191,  192,  202,  205,  206 

transverse  stresses 190-194, 

196,  197.  205-207,  209-212,  215 
warping  stresses..  154, 155,  169-197,  201,  218-221 
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in  rigid  pavements  as  function  of  wheel  loads 

rather  than  gross  loads 45 

Structural  design  of  concrete  pavements,  a 145-158, 

169-197,  201-221 
Subgrade  condition  as  affecting  structural  action 

of  concrete  pavement  slabs 145, 146, 

156,  195,   196,  201-203,  209,  211,  214, 
216,  217,  220. 
Subgrade  movement,  relation  to  movement  of 

concrete  pavement  slabs 182, 183, 190 

Subgrade  preparation,  methods  used  for  sub- 
grades: 

of  concrete  test  slabs 145-148 

of  limerock  base  courses 161, 162 

Subgrade  pressure: 

measurement ...1. 155, 186, 187 

relation  to  temperature  warping  of  concrete 

pavements 186-188 

Subgrade  resistance  to  movement  of  concrete 
slabs: 
as  a  if  acted  by — 

type  of  subgrade  soil 185,190,196 

weight  (or  thickness)  of  slabs..  171, 182-184,  196 
coefficients  of  resistance  to  horizontal  move- 
ment        183 

magnitude  and  effects 156-158, 

169-171,  179.  181-188.  190,  196,  201,  220 

measurement  method  and  apparatus 156-158, 

171, 181-184 
Subgrade  sampling,  see  Sampling  methods. 
Subgrades; 

of  flexible-type  bituminous  roads,  research 

needed _ 32,33 

see  also  headings  beginning  Soil-Subgrade — 
also  Supporting  power. 
Subsurface  exploration  by  earth  resistivity  and 

seismic  methods,  a 57-67, 74 

Sulphate  water,  action  on  concrete  and  mortar.  _  77-89 
Sumps  for  use  with  pumping  units  at  under- 
passes   240,  242,  243 

Supporting  power: 

of  flexible-type  pavements,  relation  to  thick- 
ness of  pavement... 33 

of  subgrades: 

bearing  tests,  load-deflection  tests 156-158, 

169,  171,  179,  181-187,  196 

research  needed 32,  33 

Surface  treatment  of  roads: 

application  of  surface  treatment  to  limerock 

base  courses 161, 163 

crushed  materials  for 130-133 

Surveys,  see  Soil  survey  data — Traffic,  highway. 
Survivor  curves  of  pavements : 

com  pu  tat  ion  met  hods 3, 5, 6 

data  for  brick-on-eoncrete  pavements 3-6, 14 

Sutherland,  Earl  C,  joint  author,  a 145-158, 

169-197,  201-221 
Swamps,  bottoms  of,  determination  by  subsur- 
face exploration 57 

Swelling  properties  of  clay  binders 87 

T 

Tamping  device  used  for  extrusion  test  speci- 
mens of  bituminous  mixtures...  134, 136 
Tank  trucks: 

traffic  survey  data 31,  51,  52 

type  used  in  roadside  planting  (Iowa) 34 

Tanks,  see  Loading  tank— Tank  trucks— Water 

baths. 
Tarred  felt,  use  in  joints  in  concrete  test  slabs.  146, 147 

Tarwater,  E.  L.,  a 134-141 

Taxation  of  motor  vehicles: 

motor-fuel  taxes  and  earnings  from,  1934...  118-120 
registration  and  other  fees,  receipts  from, 

1934 92,93 

report  of  taxation  in  1932,  r.  to  p 52 

special  taxes  paid  by- 
city  residents,  use  for  rural  highways.. _  2 

motor  carriers,  receipts  from,  1934 92, 93 

Telemeters,  installation  and  use  in  concrete  test 

slabs 155,157.171,180.181 

Teller,  L.  W.,  joint  author,  a.  145-158, 169-197,  201  221 
Temperature(s): 

hi  temperature,  relation  to— 

temperature  of  concrete  pavement  slabs 

(Arlington,  Va.)._ 171, 

174-179, 185,  187, 190 
traffic  volume  (Rhode  Island  highways)       238 
boiling  points  of  selected  liquid  asphaltic 

materials 98 

correction  coefficient  in  tests  of  muck  under- 
soil of  fill 257 

drying  temperature  used  for  soils  in  leaching 

ex  periments 7s 

healing  temperatures: 

at  which  free  carbon  is  developed  in  as- 
phaltenes  and  in  normal  asphaltic 

materials 107 

for  materials  used  in  stability  test  speci- 
mens of  bituminous  mixtures..  ._      137 
high  temperatures  used  in  refining  of  liquid 
asphaltic  materials,  tests  for  detec- 
tion of 108, 113, 117 

of  bituminous  road  surfaces  under  field  con- 
ditions  135,136 

of  water  baths  used  for — 

bituminous  specimens 137 

concrete  specimens 157,  lsl 


INDEX   TO    PUBLIC    ROADS,  VOLUME    16 


Pa  co 
Temporal  iirc  (s) — Continued. 
testing  temperatures  used: 

for  liquid  asphaltic  materials  and  their 

residues 97-101, 103-108. 112-117 

in  permeability  tests  of  soils 255-257 

in  stability  tests  of  bituminous  mix- 
tures  134  137 

\  ariations: 

as  affecting  liquid  asphaltic  materials 
and  their  residues,  relat  ion  lo  spe- 
cific gravities  of  materials •  .  112,116 

during   period   of  exposure   111    tests   of 

liquid  asphaltic  materials. . 101, 115 

in  concrete  pavement  slabs 

conditionsin  and  surrounding  slabs , 

effects  of 145,148.149,154,  155,  157, 

169-188,  ISO  197,  201-204,216-221 

daily  and  seasonal  variations 175-181, 

183,  185 -1st.  190,  191,196,197 
measurement   method  and  appara- 
tus   1 15,  148,  154,  155,  170, 176-179,218 

temperature   differentials    between 
upper  and  lower  surfaces  of  slabs 

and  effects  of 154, 

169-188,  190   197,  202,  204,  216-220 
Tensile  stresses  in  concrete  pavement  slabs.  ...     169, 
1911, 191, 196,  205-207,  215,  217,  220 
Tension  in  concrete  beams  in  flexure,  length 

changes  in,  measurement 156 

Terzagni  compression  device 251 

Terzaghi  soil  tests: 

compression    test    data    for   undersoils   of 

hydraulic  fill 250-266 

r.  to  p 250  (fn),  251  (fn) 

Testing  of  highway  materials: 

methods,  standard,  r.  to  p 165 

see  also  names  of  materials  and  names  of  tests 
of  materials. 
Thermocouples,  installation  and  use  in  study  of 

concrete  slabs 154, 

155,  170,  172,  177-179,218 
Thermometers: 

installation  and  use  in  various  tests 101, 

137,  154,  170-173,  181 
resistance  coil  thermometers,  use  in  concrete 

test  slabs 154, 170 

Thick  center,  thin  edge  design  of  concrete  pave- 
ment slabs.. 201 

Thickened-edge  design  of  concrete  pavements 

asaffect.ing  structural  action  of  slabs.    145- 
147,  149,  170,  178,  179,  185,  186,  188,  193- 
197,  201-221 . 
Thickness: 

of  concrete  pavements;  see  Concrete  pave- 
ment slabs — Thickened-edge  de- 
sign. 
of  flexible-type  bituminous  pavements,  im- 
portance in  theory  of  design 33 

of  undersoil  layers  in  fills  on  muck  beds. 

computation  method 249-26G 

Thompson,  J.  T.,  a 37-52 

Thoreen,  R.  C,  a 159-165 

Tie  bars,  types  and  spacings  used  in  joints  of 

test  concrete  slabs 147 

Timbers  (structural),  grading  of,  guide  to,  r.  to 

p _ 165 

Time-compression  data  for  undersoils  of  fill  at 

Four  Mile  Run 251-264,260 

Time  records  in  seismographic  method  of  sub- 
surface exploration 65-67 

Tires,  motor  vehicle: 

rated  capacities,  relation  to  gross  weights  of 
commercial    vehicles    (Maryland 

data)... 37,  38,  45,  46,  51 

weights  on,  restrictions,  Maryland  law 38 

Tolls,  bridge,  r.  to  p. 52 

Toughness  tests  of  coarse  aggregate 125-133 

Tourist  camps  (Florida) 72 

Tourist  expenditures  (Florida) 71,72 

Tourist  traffic  (2  States).. 26,27, Oh,  70-72 

Towns,  jurisdiction  over  rural  roi.ds  in  Con- 
necticut  225 

Tractors  and  tractor  trucks: 

combinations  of  tractor  and  trailer  or  semi- 
trailer: 

axle  distribution  of  gross  weight 42,  43,51 

rated  capacities,  relation  to  weights  and 
overall     dimensions     of     loaded 

vehicles  (Maryland) 37.38,40-52 

weight  restriction  (Maryland) 38,40.41,40 

registrations  and  receipts  from,  1934 90-93 

traffic  survey  data 28,31,38,40-52 

Traffic,  highway: 

accidents,  highway 7-11,13,14 

canvass    of    motor-vehicle    transport  at  i'  n 

(Census  of  Business) 245 

daily  and  seasonal  variations 22, 

68, 74, 226, 228-232, 23?,  239 

foreign  (out-of-State)  traffic 17, 

20,  22,  24  29,  68,  70-74.  225-259 

hourly  variations  (Rhode  Island) 238 

increase  in  as  affecting  highway  planning  .2.7   11 
intercity  traffic...  17-29, 08-70,  226-235.  2S7,  244, 245 

interstate  traffic.- ...  17. 

20,  22, 24-29,  os,  70  74,225  239,245 

intrastate  traffic,  local  traffic- 28, 

os,  225  239.  211,  2C, 

pedestrian  traffic  on  highways 8,9,  11,239 

suburban  traffic  (Rhode  Island) 238,  239,  244 
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survey  data  for — 

Arizona 30 

California 29    II 

Colorado 30 

Connecticut 225-237.  244 

Florida... 68-74 

Idaho 30 

Iowa 6, 14 

Maryland 10,3;   52 

Massachusetts _.  8 

Michigan 22 

Nebraska 29.30 

Nevada- 30 

New  Jersey 17-31,233 

New  Mexico 30 

Ohio 22,29,30 

Oregon 30 

Rhode  Island 8,238,239,243,244 

river  crossings  (New  Jersey) 17,22,24-27 

Utah _ 30 

Washington  (State) 30 

Western  States,  eleven _.  29,30 

Wyoming.. 30 

through  traffic  (2  States) 24-28,226-237 

tourist  traffic. __ 26,27,68.70-72 

Traffic  lanes,  marked,  and  observance  of . .  7,  9, 239,  243 

Traffic  lines,  paint  for,  specifications  r.  to  p 165 

Traffic  regulations,  trafiic  signs  and  signals,  and 

observance  of 7-11,238,239,  243,  .'ll 

Trailers  and  semitrailers: 

prohibition  on  highways. 91 

registrations  and  receipts  from,  1934 __  90-93 

traffic  survey  data 29,31,38,40-52,68,74 

weights  and  dimensions,  relation  to  rated 

capacities 37,38,40-52 

wheel  arrangements  and  effects  of  on  con- 
crete pavements 213-216,220 

Transportation  by  motor  vehicle: 

canvass  by  Census  of  Business 245 

coordination     with     other     transportation 

services.. 2.231-233 

registrations  of  freight  motor  vehicles  and 

receipts  from  (1934) 90-93 

types  of  commodities  carried   (data  for  3 

States). 28. 29, 31, 51. 68,  72-74 

see   also   headings   beginning   Traffic — also 
names  of  types  of  motor  vehicles. 
Trees  for  roadside  planting  (Iowa),  drought  sur- 
vival  34 

Trucks,  motor: 

body  types  (New  Jersey) _.  28,31 

canvass  of  (Census  of  Business) 245 

capacities,  survey  data...  21,  28-30, 37-52, 68,  74,  238 
contact  with  railroad  services   (Connecti- 
cut)  231-233 

empty  trucks  observed  on  highways.  28,29,46,47,74 

life  (average),  agedata... 31 

overloading  (Maryland) _  37-46.  51, 52 

ownership 27-30,231-237,244 

passengers,  carrying  of .  27  29 

percentages  of  observed  vehicles  on  high- 
ways (3  States) 17,  22,  27,  68,  238 

registrations  and  receipts  from,  1934 90-93 

traffic  survey  data 17, 21, 22,  26-31, 37-52, 68, 

72-74,  225,  227,  228,  2 !  I    239,  2 1 1 

trip  frequency  (New  Jersey) 30 

weights  and  dimensions: 

Connecticut  data.. 231,235-237 

relation  to  rated  capacities  (Maryland).  37-52 
restrictions   and   violations   of   (Mary- 
land)   37-41.4.5-47,51,52 

study  of,  a 37-52 

see  also  headings  beginning  Load,  Traffic — 
also  Common  carrier  motor  vehi- 
cles— Contract  hauling — Load(s) — 
Six-wheel  vehicles. 
Tunnel,  Holland,  traffic  data. 17,24-27 

U 

Underpasses,  automatic  pumping  units  On  .  i     240  243 
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BROADENING  THE  HIGHWAY  PROGRAM 


By  THOS.  H.   MACDONALD,  Chief,  Bureau  of  Public  Roads  I 


TO  AN  AUDIENCE  composed  of  those  engaged  in 
the  actuality  of  highway  improvement,  including 
all  of  its  phases,  it  is  not  necessary  to  call  attention  to 
the  fact  that  the  broadening  of  our  national  highway 
program  is  not  a  probability  of  the  future  but  is  a 
policy  which  has  already  attained  definition  and  con- 
siderable stature. 

Since  July  1933,  more  than  11,000  individual  projects 
have  been  placed  under  way  in  the  Public  Works  high- 
way programs.  That  60  percent  of  these  projects  are 
off  the  Federal-aid  highway  systems  of  the  States  as 
they  existed  at  the  start  of  the  program  roughly  mea- 
sures the  velocity  attained  in  broadening  the  program 
through  liberalizing  the  Federal  highway  policies. 
These  projects  off  the  Federal-aid  highway  system  pro- 
vide for  its  extension  at  both  its  extremes — on  the  one 
hand  the  feeder  roads  of  the  rural  districts  and  on  the 
other  the  principal  thoroughfares  of  cities  and  towns. 
The  addition  of  these  two  classes  of  roads  and  streets  to 
the  federally  supported  highway  program  is  not  the 
only  element  of  this  broadened  highway  policy  struc- 
ture. The  elimination  of  grade  crossings  without  rail- 
road participation  in  the  financing,  the  landscaping 
and  planting  of  roadsides,  and  the  building  of  footpaths, 
are  other,  but  not  all,  of  the  worthy  additions  to  the 
rapidly  progressing  highway  policies. 

Because  of  this  constantly  changing  picture  it 
becomes  highly  important  to  examine  critically  what 
we  are  doing,  that  we  may  project  a  course  into  the 
future,  safeguarded  from  at  least  those  hazards  which 
experience  has  already  \mcovered.  The  easiest  pos- 
sible mistake  is  the  failure  to  visualize  the  dimensions 
of  a  problem  so  vast  as  that  of  adequate  road  and 
street  improvement  in  an  area  more  than  2,000  miles 
wide  and  more  than  3,000  miles  long.  The  number  of 
people  alone  that  must  be  brought  into  a  common  and 
efficient  operating  organization  goes  far  beyond  ordi- 
nary conceptions.  Here  is  a  field  in  which  faith,  good 
will,  and  devotion  to  the  public  service  will  produce 
results  beyond  the  reach  of  any  other  power. 

The  response  that  the  Nation  has  had  from  highway 
officials,  contractors,  and  material  producers  is  of  so 
high  a  quality  generally  that  the  departures  stand  out 
conspicuously  as  exceptions  to  a  record  of  which  the 
Nation  can  be  proud. 

Passing  for  the  moment  the  employment  aspect  of 
the  highway  program,  which  is  the  cause  underlying 
the  enlarged  undertakings  in  this  field  supported  with 
Federal  funds,  it  appears  desirable  to  review  briefly 
the  experience  of  the  years  through  which  we  have 
come  to  the  present  stage  of  highway  development, 
that  in  the  broadening  of  the  program  we  may  yet 
adhere  to  sound  policies. 

As  a  matter  of  history,  between  the  time  of  abandon- 
ment of  National  and  State  projects  undertaken  in  the 
early  days  before  the  advent  of  the  railroads  and 
about  1890  the  localities  were  in  control  and  there  was 
no  conception  of  planning  highways  on  a  State-wide 
basis. 

The  first  State  highway  departments  were  established 
to  assist  the  localities  rather  than  to  undertake,  as  a 
State  policy,  the  building  of  a  State  highway  system. 

1  Paper  presented  Jan.  22,  1935,  at  the  32d  annua]  eonventii  n  of  The  American 
Road  Builders'  Association  held  in  Washington,  JJ.  C. 
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In  the  Federal  legislation  of  1916  there  was  still  no 
conception  of  the  setting  up  of  a  plan  of  systematic 
highway  improvement.  The  first  requirement  of  this 
character  in  modern  Federal  legislation  came  with  the 
legislation  of  1921,  when,  as  a  first  undertaking,  the 
application  of  Federal  funds  was  limited  to  a  system  of 
interstate  and  intercounty  roads  consisting  of  not  more 
than  7  percent  of  the  total  rural  road  mileage. 

In  the  decade  and  a  half  now  intervening,  marked  by 
the  improvement  of  some  200,000  miles  of  highways  in 
part  with  the  aid  of  Federal  funds,  this  rest  tie  ted  system 
was  rigidly  maintained  as  a  first  objective.  Year  after 
year  in  both  State  and  Federal  legislative  bodies  there 
were  innumerable  drives  to  spread  the  application  of  the 
cooperative  Federal  and  State  funds  more  widely. 
Credit  is  due  our  law-making  bodies  that  the  principle 
was  preserved  intact  for  a  period  sufficient  to  establish 
communication  over  highways  on  this  skeleton  frame- 
work, consisting  of  a  small  percentage  of  our  total 
highway  mileage,  but  so  carefully  selected  that  it  is  now 
possible  to  travel  from  one  end  of  the  country  to  the 
other  with  a  degree  of  speed  and  comfort — not  that  the 
building  of  long  distance  roads  was  the  prime  objective, 
for  highway  traffic  is  now  and  will  remain  primarily 
local. 

TERMINATION    OF    PIONEER    PHASE    BRINGS    NEW    PROBLEMS    IN 
ROAD  BUILDING 

Our  long-distance  highways  have  come  as  a  by- 
product of  the  careful  planning  and  coordination  of  the 
most  important  highways  within  and  between  the 
States.  This  deliberate  policy  of  restriction  has  estab- 
lished reasonably  universal  communication  over  the 
roads  within  the  minimum  possible  mileage.  No  other 
course  would  have  made  it  possible,  in  so  short  a  time, 
to  create  the  main  highway  system  capable  of  serving, 
if  imperfectly,  so  large  a  part  of  the  total  of  highway 
traffic.  No  other  course  would  have  so  quickly  joined 
with  reasonably  serviceable  highways  so  many  of  our 
towns  and  cities,  or  placed  a  usable  road  \\  ithin  so  short 
a  distance  of  so  many  of  our  farms.  No  other  course 
would  have  made  it  possible  for  the  average  American 
citizen  and  his  family,  with  the  modern  moderately 
priced  ear,  to  become  acquainted  with  neighboring 
States  and  with  the  more  distantly  located  national 
parks  and  forests,  or  would  have  opened  to  him  so  many 
other  recreational  and  educational  opportunities. 

No  other  course  would,  within  this  relatively  short 
period,  have  brought  us  to  the  point  where  we  are 
enabled  to  broaden  the  highway  program  soundly  and 
with  good  effect.  We  can,  and  we  unquestionably  will 
continue  the  building  of  Federal  roads  extending  from 
the  improved  main  network  into  the  farm  communities. 
Every  such  road  will  bring  to  tin'  land  it  serves  not  only 
its  own  important  benefits  but  the  multiplied  benefits 
of  t  he  arterial  system  to  which  it  becomes  thus  at  tached. 
Had  the  building  of  these  feeders  been  undertaken 
before  the  improvement  of  the  main  system,  such  policy 
would  have  been  comparable  to  the  digging  of  the 
laterals  of  a  drainage  system  before  the  opening  of  the 
outlet  channel. 

The  principal  difficulty  which  we  encounter  in  ibis 
broadening   of    the    highway    program    is    the    varying 
degrees    or   stages    to    which    the    several    States    hi     i 
advanced.      In    certain     Male-    conservative    highway 
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officials  may  still  point  to  the  considerable  mileage  of 
the  more  important  roads  still  inadequately  improved. 
For  these  States  the  time  to  take  on  responsibility  of  an 
additional  mileage  will  be  at  some  future  period  when 
the  main  system  is  more  fully  improved.  There  are 
a  considerable  number  of  States  in  which  this  is  un- 
doubtedly the  correct  attitude  at  this  time,  and  any 
future  Federal  legislation  must  be  sufficiently  flexible 
to  take  such  situations  into  account. 

The  broadened  program  of  the  future  must  provide 
for  the  progressive  development  of  the  main  roads  in 
which  we  have  now  a  tremendous  investment.  Other- 
wise, they  will  be  found  inadequate  for  the  greater 
traffic  which  their  very  improvement  has  developed. 
Many  things  are  yet  undone  on  the  main  road  systems, 
things  which  have  been  deliberately  passed  in  the 
doing  of  the  pioneer  work  that  has  engaged  us  up  to 
now. 

On  a  very  large  mileage  of  main  roads  the  improve- 
ment of  today  must  be  regarded  as  providing  only  the 
minimum  of  service.  Not  only  the  density,  but  the 
speed  of  traffic  has  been  so  stepped  up  that  the  project 
designed  for  conditions  existing  not  more  than  5  years 
ago  has  now  fallen  below  the  acceptable  and  safe 
minimum.  Such  essential  but  in  the  past  necessarily 
deferred  details  as  the  elimination  of  railroad  grade 
crossings,  replacement  of  narrow  bridges,  and  the 
general  construction  of  footpaths  where  justified,  are 
important  elements  which  must  be  continued  in  this 
broadened  highway  program. 

The  provision  for  the  separation  of  more  than  500 
dangerous  grade  crossings  is  a  real  achievement  of  the 
present  going  program.  Added  to  this  is  the  construc- 
tion of  adequate  roads  around  as  well  as  through 
cities.  Through  the  special  highway-user  taxes  the 
people  of  the  cities  have  contributed  in  some  States  the 
major  part  of  the  funds  used  for  the  upbuilding  of  our 
rural  main  road  system.  City  residents  can  now  with 
justice  claim  more  attention. 

All  of  these  are  essential  concomitants  of  the  neces- 
sary provision  for  our  developing  highway  transporta- 
tion, things  which  have  been  for  the  most  part  omitted 
from  the  simpler  program  of  the  past.  Hence  it  is 
clear  that  the  broadened  national  highway  program 
consists  not  merely  in  the  inclusion  of  additional  mileage 
of  local  or  feeder  roads  or  city  si  reets  justifying  improve- 
ment, but  also  includes  a  general  lifting  of  the  aim  of 
the  improvement  effort  to  include  objectives,  the 
relative  importance  of  which  has  increased  as  we  have 
approached  the  first  goal  of  "getting  the  traffic  through" 
which  has  occupied  so  large  a  place  in  the  past  perspec- 
tive. 

To  characterize  most  of  what  has  been  done  thus  far 
as  a  pioneer  effort  is  not  to  detract  from  the  magnifi- 
cence and  speed  of  the  accomplishment  that  stands  to 
the  credit  of  the  cooperative  action  of  the  .State  and 
Federal  governments,  ft  is  desired  only  to  place  past 
accomplishments  in  their  true  relation  to  what  remains 
to  be  done.  A  clear  understanding  of  this  relation 
suggests  the  answer  to  those  whose  conception  has  not 
yet  been  lifted  to  the  new  level  of  highway  facility 
which  has  become  possible  and  desirable.  Even  these 
suggestions  do  not  touch  upon  the  development  which 
it  is  evident  is  not  far  around  the  corner,  of  highways 
conceived  primarily  upon  the  interstate  or  national 
basis  in  those  sections  where  the  population  density 
and  traffic,  already  developed  on  the  inter-city  roads, 
point  to  the  necessity  of  new  highways  or  parkways 


outside  of  the  congested  areas  and  high-priced  suburban 
developments. 

BALANCED  PROGRAM  MUST  BE  FORMULATED 

in  a  moderate  program  of  carefully  conceived  high- 
ways of  this  character  lies  not  only  the  possibility  of  pro- 
viding for  recreational  travel  in  a  manner  not  possible 
upon  our  most  heavily  traveled  roads,  but  the  provision 
for  the  enlargement  of  recreational  facilities  within  easy 
reach  of  our  industrial  population,  and  in  some  cases, 
as  with  the  Shenandoah  Parkway  of  the  Blue  Ridge 
Mountains,  the  providing  of  a  new  climate  to  a  large 
population  sweltering  in  the  summer  heat  and  humidity 
of  the  valleys.  Here  is  an  example  of  the  possibility  of 
bringing  to  the  average  citizen  and  his  family  the  bene- 
fits of  a  cooler  and  more  helpful  climate  and  more  beau- 
tiful-surroundings by  placing  them  within  easy  reach  of 
his  home.  The  flora  in  the  higher  elevations  of  the 
Smoky  Mountains  National  Park  is  that  of  Labrador. 
Highways  are  the  gateway  to  a  climate  otherwise  denied 
to  the  majority  who  have  neither  the  time  nor  the  means 
to  travel  to  the  north  country.  So  the  ending  of  the 
pioneer  period  brings  us  to  new  and  more  difficult  deci- 
sions. The  question  is  not  that  of  giving  or  denying 
highways  to  the  rural  districts  or  to  the  cities.  It  is  the 
far  more  complex  one  of  balancing  the  program  within 
the  reasonably  supportable  expenditures  in  such  a  ratio 
between  these  different  and  desirable  objectives  so  that 
consistently  there  will  be  the  greatest  benefit  to  the 
greatest  number. 

The  various  classes  of  improvements,  the  extent  to 
which  each  shall  be  undertaken,  not  only  within  the 
highway  field  itself  but  in  the  wider  field  of  coordination 
of  highways  and  other  transportation  facilities,  all 
accent  the  complexity  of  our  future  policies  and  pro- 
gram, but  there  are  many  circumstances  which  deter- 
mine that  quite  definite  decisions  shall  be  made.  One 
of  the  principal  of  these  is  the  transfer  of  complete 
authority  over  all  highways  to  the  highway  depart- 
ments, a  movement  that  will  doubtless  progress  with 
gathering  momentum  at  the  coming  State  legislative 
sessions.  Of  the  benefits  to  be  obtained  by  such  transfer 
there  is  little  doubt,  but  they  bring  with  them  a  danger 
if  transfer  of  responsibility  is  not  accompanied  by  com- 
mensurate provision  of  income. 

The  tendency  to  divert  from  highway  uses  revenues 
intended  for  such  purposes  and  no  other  is  acute.  The 
persistence  of  unemployment  which  has  prompted  large 
Federal  appropriations  has  unfortunately  been  met  by 
diversion  from  highway  needs  of  the  special  revenues 
accruing  from  highway  use.  From  the  employment 
angle  alone,  nothing  is  gained  by  such  diversion,  since 
the  dollar  spent  for  highway  work  reaches  as  far  to 
relieve  unemployment  as  any  other  expenditures  that 
could  possibly  be  made. 

Adjustments  of  the  future  highway  program  to  meet 
changing  economic  conditions  forced  upon  the  rail- 
roads, and  the  improvement  of  the  highways  to  fit  the 
presumed  program  of  the  railroads  which  appears  to 
contemplate  faster  and  lighter  trains,  are  as  important 
as  the  development  of  highways  to  take  over  traffic 
where  unprofitable  branch  line  operations  are  aban- 
doned. 

Confronted  by  the  unavoidable  necessity  of  broaden- 
ing the  highway  program  in  many  directions  and 
recognizing  the  demand  for  prompt  decision  on  numer- 
ous questions,  the  inevitable  conclusion  is  that  further 

(Continued  on  p.  11) 


A  STUDY  OF  THE  LIVES  OF  BRICK-ON-CONCRETE 

PAVEMENTS ' 

ANALYSIS  OF  MORTALITY  OF  BRICK-ON-CONCRETE  PAVEMENTS  IN  DES  MOINES,  IOWA 

By  ANSON   MARSTON.  Senior  Dean  of  Engineering,  Iowa  State  College 


Owing  to  dearth  of  data  of  the  actual  service  lives  of  different  types  of  highway  pavements,  present 
estimates  of  their  probable  lives  are  based  mostly  on  opinions  instead  of  on  facts. 

This  paper  presents  the  results  of  a  "mortality-curve"  study  of  the  actual  service  lives  of  brick-on- 
concrete  pavements  in  the  city  of  Des  Moines,  Iowa,  as  indicated  by  their  actual  mortality  data  during 
the  years  1909-28,  inclusive.  The  collection,  arrangement,  and  calculation  of  the  mortality  data  are 
explained  and  illustrated.  The  resulting  "mortality  curves"  are  given;  and  the  method  of  using  them 
to  assist  in  estimating  the  probable  lives  of  similar  pavements  still  in  service  is  explained. 

Similar  studies  of  rural-highway  pavement  actual  service  lives,  in  at  least  four  different  States,  are 
being  undertaken,  in  a  cooperative  highway  research  project,  by  the  U.  S.  Bureau  of  Public  Roads  and 
the  Iowa  Engineering  Experiment  Station. 


THERE  is  at  present  so  nearly  a  complete  lack  of 
collected  and  studied  reliable  data  of  the  actual 
service  lives  of  different  types  of  highway  pavements 
that  our  knowledge  of  the  probable  lives  of  the  billions 
of  dollars  worth  of  existing  pavements  is  merely  what 
we  can  surmise  from  the  opinions  of  highway  engineers. 
Even  when  collected  by  such  respected  authorities  as 
the  Interstate  Commerce  Commission,  and  even  when 
expressed  by  such  competent  engineers  as  those 
employed  by  our  State  highway  commissions  and  our 
large  cities,  engineering  opinions  upon  pavement  lives 
have  a  range  of  from  about  10  to  about  40  years  for 
concrete,  brick,  and  asphalt,  with  corresponding  varia- 
tions for  other  types.  Manifestly,  estimates  based 
upon  opinions  which  vary  400  percent  cannot  be 
considered  reliable. 

Pavement  life  is  one  of  the  most  essential  of  the 
factors  whose  numerical  values  must  he  known  in 
order  to  determine  the  annual  costs  of  highway  systems 
and/or  the  costs  of  different  classes  of  highway  services. 
Correct  records  of  both  of  these  are  especially  impor- 
tant at  the  present  time,  in  highway  economics  in 
deciding  upon  correct  highway  policies,  and  in  highway 
accountancy  in  developing  and  using  satisfactory 
uniform  highway  accounting  systems. 

The  fact  that  quite  a  large  mileage  of  rural  highway 
pavements  built  since  the  World  War  has  now  reached 
service  ages  of  10  to  20  years  combines  with  the  need 
to  substitute  facts  for  guesses  of  pavement  life  to  make 
the  present  an  opportune  time  to  collect  and  study,  by 
the  best  and  most  advanced  methods,  a  large  amount 
of  reliable  data  of  the  actual  service  lives  of  rural 
highway  pavements. 

ACTUAL   RETIREMENTS   OF    BRICK-ON-CONCRETE    PAVEMENTS   AT 
DES  MOINES,  IOWA,  STUDIED  BY   USE  OF  MORTALITY  CURVES 

In  his  paper  on  ttie  "Engineering  Valuation  of  High- 
way Systems",2  presented  one  year  ago,  the  author 
explained  briefly  the  "  mortality -curve "  method  of 
studying  actual  retirement  data  of  different  kinds  of 
industrial  property.  From  January  to  June  1934,  Mr. 
J.  Phil  Starbuck,3  of  Ames,  Iowa,  a  graduate  student 

1  Paper  presented  before  annual  meeting  of  the  Highway   Research    Board   al 
Washington.  D.  C,  December  1934. 

2  Proceedings,  Highway  Research  Hoard,  vol.  13,  p.  43. 

In  Ins  progress  report  to  the  author,  June  1934,  Mr.  Starbuck  acknowledged 
indebtedness  for  assistance  to  John  M.  Tippee,  city  engineer,  and  ('  C  Green, 
office  engineer,  both  of  Des  Moines,  Iowa,  to  John  C.  Hultquist,  a  fellow  graduate 
student,  and  to  Robley  Winfrey  and  E.  R.  Davis  of  the  stall  <>f  the  Engineering 
Experiment  Station,  Iowa  State  College. 


working  under  the  direction  of  Mr.  Robley  Winfrey 
and  the  author,  made  a  detailed  study  of  the  actual 
retirement  data  of  all  brick-on-concrete  and  brick-on- 
sand  pavements  in  Des  Moines,  Iowa,  using  the  "mor- 
tality curve"  method.  The  newest  brick-on-sand 
pavements  found  had  been  built  in  1899,  so  that  Mr. 
Starbuck 's  data  did  not  include  their  retirements  at 
ages  of  1  to  9  years.  For  this  reason,  only  the  data  for 
brick-on-concrete  pavements  will  be  presented  in  this 
paper. 

By  careful  search  of  the  city  paving  records,  Mr. 
Starbuck  obtained  and  tabulated  for  each  year,  1909  to 
1928,  inclusive,  data  of: 

1.  The  actual  pavement  retirements  each  calendar 
year,  classified  by  service  ages. 

2.  The  total  amounts  of  pavement  of  each  age  actu- 
ally in  service  each  calendar  year. 

The  retirement  data  were  tabulated,  in  square  yards, 
as  shown  in  table  1  for  the  years  1919  to  1928,  inclusive; 
and  were  averaged  to  give  the  average  annual  retire- 
ments for  each  age.  Similarly,  the  amounts  of  pave- 
ment of  each  service  age  in  service  during  each  calendar 
year  were  tabulated  and  averaged  as  shown  in  table  2. 
Finally,  the  averaged  annual  pavement  retirements  and 
pavements  in  service  each  calendar  year  were  tabulated 
and  calculated  as  shown  in  table  3,  to  give  the  calculated 
mortality  survivor-curve  data  in  columns  5  and  7- 
column  5  for  the  "annual  rate  method''  and  column 
7  for  the  "individual  unit  method." 

Computations  corresponding  to  those  illustrated  in 
tables  1,  2,  and  3,  for  1919  to  1928  were  made  for  the 
L909-18  and  the  1909-28  brick-on-concrete  pavement 
mortality  data.'  The  mortality  "survivor-curve" 
data  thus  obtained  by  the  "annual  rate  method  "  have 
been  plotted  and  are  shown  in  figure  1,  herewith, 
together  with  the  "individual  unit"  survivor  curve  for 
the  period  1909-18. 

The  "annual  rate  method",  the  final  computations 
by  which  are  illustrated  in  columns  2,  :'.,  4,  and  5  of 
table  :J,  is  the  correct  method  for  computing  mortality 
"survivor  curves"  of  different  classes  of  industrial 
property.  It  correctly  takes  into  account  all  the  pave- 
ment in  service  each  year.  The  "individual  unit 
method",  whose  final  computations  are  illustrated  in 
columns  6   and    7   of   table   3,   takes   into   account    only 

*  All  Mr.  Starbuck  s  tables  and  curves  for  brick-on-coi  been 

recomputed  and  corrected  by  Mr.  E.  I:    Davis. 
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Table   1- 

-Brick-on-concrete  pavement  retirements,  Des  Moines,  Iowa,  1919- 

28 

Square  yards  retired  during  each  age  interval 

Aver- 

Age  interval,  years 

1919 

1920 

1921 

1922 

1923 

1924 

1925 

1926 

1927 

1928 

Total 

per  year, 
square 
yards 

!4  1J4 

314-434 

649 

649 

64.9 

fi'2  734 

734  8'^ 

5,143 
2,029 

510 

5,  143 
2,029 

4.  724 

12,  762 

735 

514.3 

gi^_gi^ 

202.9 

9i^_10j^ 

4,214 

472.4 

1014-1\}4 

12,  762 

1,  276.  2 

1134-121 2 

735 

73.5 

12)4-1334 

13)2-1434 

1434-151  •> 

1534-16)^ 

1.006 

577 
2,624 

2.951 

4,534 
8.774 
8.  364 
1,156 

453.4 

1634- 1734 

6,150 

877.4 

17  V   18 

518 

7,846 

836.4 

lg'o-1914 

1,156 

115.6 

19l4-20}4                                    ^   ...   .. 

20! 2-21 H 

1,670 

1,670 
20,  052 

167.0 

2134-22J4 

18,  591 

1,461 

2,  005.  2 

22J4-23J4 

23H-211- 

2434-2534                                            

5,942 

284 

6,226 

1,152 

622.6 

25J4-26J4 

1,152 

115.2 

201-.-271->                                   

271 2-2S1  >                               

28H-29'2                                     - -- 

2912-30J-2              - 

1,947 

11,  103 

13,050 
10, 932 
1.122 

1, 305.  0 

30',2-3iy2                                      -. 

1,916 

9,016 

1,093  2 

3114-32'  > 

1,122 

112.2 

32J4-331 2                                                      

Table  2. — Brick-on-concrete  pavements  in  service,  Des  Moines,  Iowa,  1919-28 


Age  interval,  years 


Square  yards  in  service  at  beginning  of  each  age  interval 


1923 


1924 


1925 


1926 


1927 


1928 


Total       Average 


0-H— -- 

134-2!  2- 
2!4-3J4. 
334-4)4- 

4H-5H- 

7'-,  m 


954-1034— 

1034-1134- 
ny2-i2M.. 

13J2-14.>2- 
14H-15J2- 

l.V,,    1!)'., 

ic>y2-n>2 

171,    18',. 

183^-19}  2- 

2oy2-2iy2. 
2114-2214. 

.-',--;'. 
2354"2434- 

2434-2514. 
2514-26)4- 

26!4-2734- 

2754-2834. 
2834-2934. 

2934-3054. 
3054-3154- 
3154-3254- 
321,-3314- 

:«i  2-34J4- 

3414-3514. 

II 
i 


65,  014 
65,014 
•Hi.  529 
69,  238 
56,  208 

13, 131 

21,  580 

7,087 

5,346 

66,  838 

21,718 
52,  732 

35,  859 
13,460 

21,1)1'.' 

24,  459 

16,503 

19,  060 

6.490 

1,708 

9,964 

36,  059 
61,093 
50,  265 

29,  9(18 

15,  657 
5,486 


4,306 


37,  342 
37,  342 
65,  014 
46.  529 
69,  238 

55,  559 

13,131 

21,580 

7,  0S7 

5,346 

66, 838 
17,  504 
52,  732 

35,  124 
13,460 

21,012 
21.459 
15,497 
19,060 
5,  972 

1,768 
9,964 

36,  059 
42,  502 
50,  265 

29.  968 
15.657 
4,334 


4,  306 


31,  643 
31,643 
37,  342 
65,011 
46,  529 

69,  238 
55,  559 
13,131 
21,680 
7,087 

5.346 
66,  838 

17.  504 
52,  732 
35, 124 

13,  460 
21,012 
24,  459 
15.497 
19.  060 

5,972 
1,708 
9,964 

3(1,  059 
42.  502 

50.  265 

29,  968 

15,  657 

4,  334 


4,306 


51,  636 
51.636 
31.643 
37,  342 
65,014 

46,  529 
69,  238 
55.  559 
13.  131 
21.  580 

7,  0S7 
5,  346 
54,  076 
17,504 

52,  732 

35,  124 
1.;,  (60 
21,012 
24,  459 

15,497 

19.  060 
5,972 
1,708 
9.964 

36,  059 

42,  502 
50,  265 
29, 968 
15.  657 
4,334 


4,306 


11,451 
11.451 
51,636 
31,643 
37,  342 

65,014 
46,  529 
69,  238 
55,  559 
13,131 

21,  580 

7,  0S7 

5,346 

54,  076 

17,  504 

52,  732 
35, 124 
13,460 
21,012 
16,613 

15,  497 
19,  060 
5,  972 
1,708 
9,  964 

36. 059 
36,  560 
50.  265 
29,  968 
15,657 

4,  334 


i,:;ui; 


78,  741 
78.  741 
11,451 
51.636 
31,643 

37.  342 
65,  014 
46,  529 
69,  238 
50,416 

11,102 
21,070 

7,  087 

5,  346 

54,  076 

17,504 
52,  732 

34,  547 
10,836 
21,012 

15,457 
15,497 
19,  060 
5.972 
1,708 

9,  964 

35,  775 
36, 560 

15,657 
4,  334 


90.  499 
90,  499 
78,  741 
11,451 
51,  636 

31,  643 

37,  342 
65,014 
46,  529 
69,  238 

50,  416 

11.  102 

21,070 

7,087 

5,346 

54,  076 
17,  504 

49,  781 

34,  547 
10,  836 

21,012 
15,  457 
15,  497 
19,  060 
5,972 

1,708 
9,964 

35,  775 

36,  560 

50,  265 

29,  968 
15,  657 
4,334 


4,306 


99,  054 
99,  054 
90,  499 
78.  741 
11,451 

51,636 
31,  643 
37,342 
65,014 
46,  529 

69,  238 
50,416 
11.102 
21,070 
7,087 

5.  346 
54,  076 
17,  504 
43,  631 

34,  547 

10,  836 
21,012 
15,457 
15,497 
19,  060 

5,972 
1,708 
9,964 

35,  775 

36,  560 

50,  265 
2S,  021 
15,657 
4,334 


46,  444 
46.  444 
99,  054 
90,  499 
78,  741 

11,451 
51,636 
31,643 
37.  342 
65,014 

46,  529 
69,  238 
50,416 
11,102 
21.070 

7,087 

5,346 

54.  076 

17,  504 

43,  631 

34,  547 
10,  836 
21,012 
13,996 
15,  497 

19.060 
5,972 
1,708 
9,  964 

35,  775 

36,  560 
50,  265 
26,  105 
15,657 

4,334 


4,  306 


4,306 


67.  315 
67.315 
(',,111 
99,  054 
90,  499 

78.741 
11,451 
51,  636 
31.643 
37,342 

65,014 

u,. ;._".! 

69.  238 
50,  416 
11,102 

21,  070 
7,087 
5,  346 
54,  076 
17,504 

43,631 
34, 547 
9,166 
21,012 
13,  996 

15,  497 

19,  060 

5,972 

1,708 

9,964 

35,  775 
25,  457 
50,  265 
24,  983 
15,  657 

4,334 


4,306 


579,  139 
579, 139 
558,  353 
581, 147 
538,  301 

460,  284 
403,  123 
398, 759 
352.  469 
382,  521 

364,  868 
347, 862 
!24,430 

267,  917 
238,  513 

251,870 
247.  303 
254.  742 
247,  112 
186,  380 

177,684 
170.112 
194, 988 
216,  035 
224,  991 

226,  652 
210,415 
190,  203 
188,  537 
186,829 

176,  865 
128,  040 
100,  667 
49,280 
24,  297 

3,640 
4,306 
4,306 


57,  913 
57,913 
55,  835 
58,114 
53, 830 

46,  028 
40,312 
39,  875 
35,246 
38,  252 

36.  486 
34,  786 
32.  443 
26,  791 

23,  851 

25.  1S7 

24,  730 
25,474 
24.711 

18,  638 

17,  768 
17,011 

19,  19- 
21,603 
22,  499 

22,  665 
21.041 
19,  020 

18,  853 
18,  682 

17,  686 
12,  804 
10,  066 
4,928 
2.429 

864 
430 
430 
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Table  3. — Calculation  of  survivor  curve  for  brick  on  concrete  pave- 
ments, Des  Moines,  Iowa,  1919-28 


Age  interval 


2lA-VA- 

1)4  .-,..,. 

7A-m- 


9A-ioy2.. 

10M-11J4- 
11M-12^- 

1214-1314. 

IZArWA. 

im-v&A- 

loA-WA- 
WA-ny2. 

17H-18J4- 

WA-WA. 
WA-2oy2. 

20A-2VA. 
2VA-22A- 

2214-2314- 

23^-2434- 

2414-25J4. 
25)4-26 14. 
2614-27J4. 

271,-2x1,.. 
2834-29^. 

2914-3034. 
3l)i  .-311  , 
31)4-3214. 
32)4-331/2. 
331^-34)4- 

34H-35M. 

-■:-,- ;,,>,. 

36)4-3714- 


y«ars 


Annual  rate  method 


Average 
retire- 
ments 
during 
age  in- 
terval 


6'r;.  j/i/s. 


64.9 


514.3 
202.9 

472.4 

1,  276.  2 

73.5 


453.4 
S77  t 
836.4 
115.6 


167.0 
2,  005.  2 


622.6 
115.2 


1,  305.  0 

1.  093.  2 

1J2.2 


Average 
area  in 
service  at 
beginning 
of  age 
interval 


Sg.  yds. 
57,913 
57,913 
55, 835 
58,114 
53,  830 

46,  028 
40,312 
39,  875 

35,  246 
38,  252 

36,  486 
34,786 
32,443 
26,791 

23, 851 

25, 187 

24,  730 

25,  474 
24,711 

18,  038 

17,  70S 
17,011 
19,498 

21,  603 

22,  499 

22,  665 
21,041 

19.  020 

18,  853 
18,  682 

17,  686 
12,804 
10.066 
4,928 
2.429 

864 
430 
430 


Annual 
rate  of 
retire- 
ment 


Percent 


1.459 
.530 

1.295 

3.669 

.227 


1.833 

3.444 

3.385 

.620 


10.  284 


2.747 
.547 


7.379 
8.  538 
1.115 


Surviv 
ing  at 
beginning 
of  age 
interval 


Percent 
100. 00 
100.00 
100. 00 
100. 00 
100. 00 

99.87 
99.87 
99.87 
99.87 
98.42 

97.90 
96.63 
93.08 
92.87 
92.87 

92.87 
92.87 
91.17 
88.03 
85.05 

84.52 
84.  52 
83.69 
75.09 
75.09 

75.09 
73.02 
72.62 
72.62 
72.62 

72.62 
67.26 
61.52 
60.84 
60.84 


Individual  unit 
method ' 


Sum  of 
average 
retire- 
ments 


Sj.  yds. 
10,  307 
10, 307 
10,  307 
10,  307 
10,  307 

10,  242 
10,  242 
10,  242 
10,  242 
9,728 

9,525 
9,052 
7,  776 
7,703 
7,703 

7,703 
7,703 
7,249 
6,372 
5,536 

5,  420 
5,420 
5,253 
3,248 
3,248 

3,248 
2,625 
2,510 
2.510 
2,510 

2,510 
1,205 

112 


Surviv- 
ing at 
beginning 
of  age 
interval 


Percent 
100. 00 
100.00 
100.  00 
100.  00 
100. 00 

99.37 
99.37 
99.37 
99.  37 
94.38 

92.41 
87.82 
75.44 
74.73 
74.73 

74.73 

74.73 
70.  33 
61.82 
53.  70 

52.58 
52.  58 
50.  96 
31.51 
31.51 

31.51 
25.47 
24.35 
24.  35 
24.35 

24.35 

11.69 

1.08 


1  The  method  will  be  understood  if  it  is  observed  that  column  6  represents  cumula- 
tive totals  of  column  2  beginning  at  the  bottom  of  the  column.  Column  7  represents 
the  corresponding  percentages,  taking  the  total  retirements  observed  as  100  percent. 

those  pavements  actually  retired,  and  hence  gives 
entirely  too  small  percentages  of  survivors  at  different 
service  ages  and  entirely  too  small  average  life  of  pave- 
ments. For  example,  the  average  life  for  the  years 
1909-18  by  the  "individual  unit  method"  was  only  17 
years ;  whereas  the  correct  average  life  indicated  by  the 
mortality  data  was  22  years,  as  shown  by  the  "annual 
rate  method.''  It  should  be  noted  that  estimates  of 
average  pavement  lives  based  largely  upon  first  or  com- 
paratively early  retirements  are  quite  likely  to  be  too 
small. 

Computations  of  average  lives  of  pavements. — The 
average  life  of  a  pavement  for  which  a  mortality  sur- 
vivor curve  like  those  in  figure  1  is  available  must  be 
found  by  computing  the  area  under  the  survivor  curve 
(usually  divided  for  this  purpose  into  strips  each,  except 
the  first,  1  year  wide)  and  dividing  it  by  100  (since  the 
survivors  are  platted  in  percents). 

As  explained  in  the  paper  on  the  "Engineering  Valua- 
tion of  Highway  Systems",  already  referred  to,  the 
Iowa  Engineering  Experiment  Station  has  developed 
some  13  "mortality  type  curves",  which  seem  to  pretty 
well  cover  the  usual  range  of  the  mortality  character- 
istics of  the  different  kinds  of  industrial  property. 


Four  of  these  are  "left  mode"  curves,  designated 
Li,  L2,  L3,  L4;  five  are  "symmetrical",  St,  S2,  S3,  S,,  S5; 
and  four  are  "right  mode",  R4,  R3,  R2,  R,. 

By  trial,  it  was  found  that  the  mortality  data  of 
brick-on-concrete  pavements  in  Des  Moines,  1909-18 
fitted  curve  S2,  those  for  1919-28  fitted  S,,  and  those  for 
1909-28  also  fitted  Si,  all  as  shown  in  figure  1.  It 
therefore  appears  that  mortality  type  curve  S,  is  the 
one  to  use  in  estimating  the  probable  life  of  any  par- 
ticular stretch  of  concrete-on-brick  pavement  still  in 
service  in  Des  Moines. 

The  average  lives,  in  years,  indicated  by  the  mortality 
survivor  curves  in  figure  1  are  22  for  the  retirements  of 
1909-18,  36  for  the  retirements  of  1919-28,  and  28  for 
the  entire  20  years  retirements,  1909-28.  Information 
is  lacking  about  the  traffic  intensities,  differences  in 
design,  changes  in  retirement  policies,  and  other  cir- 
cumstances which  would  completely  explain  these  varia- 
tions in  average  life.  It  is  permissible  to  point  to  the 
improvements  in  pavement  design  and  construction  in 
later  years  and  to  the  probability  that  the  heavy-traffic 
streets  were  more  apt  to  be  paved  first,  as  circumstances 
which  may  partially  explain  the  apparent  increase  in 
the  average  life  of  the  pavements  retired  in  the  later 
years. 

PAVEMENT    MORTALITY    CURVES    USEFUL    IN    FORECASTING    THE 
PROBABLE  LIVES  OF  PARTICULAR  EXISTING  PAVEMENTS 

The  mortality  type  curves  which  fit  the  actual  pave- 
ment mortality  data  of  particular  kinds  of  pavements 
(see  fig.  1)  can  be  of  great  service  in  forecasting  the 
probable  lives  of  particular  existing  pavements. 

The  mortality  type  curves  are  "generalized"  by 
stating  and  platting  their  service  ages  in  percents  of 
average  life. 

Just  as  average  life  can  be  computed  by  dividing 
the  entire  area  under  the  mortality  curve  by  100,  so  the 
expectancy  of  the  average  survivor  at  any  age  can  be 
computed  by  dividing  the  area  under  the  mortality 
curve  to  the  right  of  the  age  ordinate  by  the  percentage 
of  survivors  at  the  age.  Expectancy  plus  service  age 
is  probable  life;  and  "probable  life  curves",  computed 
in  this  manner,  can  be  platted  on  the  same  diagram  as 
survivor  curves. 

Table  4  shows  the  results  of  computations  of  ex- 
pectancies and  probable  lives  of  the  average  survivor 
at  different  service  ages  for  mortality  type  curve  S,. 

Figure  2  shows  mortality  type  St,  "survivor"  and 
"probable  life"  curves  platted  on  the  same  diagram  and 
"generalized"  by  platting  service  ages  in  percentages 
of  average  life. 

The  use  of  figure  2  in  forecasting  the  probable  lives 
of  particular  pavements  will  be  illustrated  by  two 
(imaginary)  cases  of  brick-on-concrete  Des  Moines 
pavements,  of  which  the  average  life  has  been  found  to 
be  28  years. 

Case  1. — A  brick-on-concrete  pavement  on  an  important  busi- 
ness street.     The  service  age  is  21  years.     The  present  physical 
condition  is  poor,  in  comparison  with  the  average  conditio 
21  year-old  brick-on-concrete  pavments  in  the  city.     The  traffic 
is  much  heavier  than  average  traffic  on  such  paveme 

In  figure  2,  follow  the  75-percen1  age  ordinate  up  to  the  survivor 
curve,  proceed  horizontally  across  to  the  probable-life  curve  and 
fchence  vertically  down  (all  as  indicated  on  fig.  2  by  broken 
lines  and  arrows)  and  find  that  the  probable  life  of  the  average 
survivor  would  he  1 19  percent  of  28  years  equals  33  years.  lint 
this   pavemenl    is   in    poorer   condition   than   the  average   ami   its 

traffic  is  much   heavier.     Its   probable  life  will  he  some'.. 
between  21    (its  present   age)   and  33   (the  probable  li: 
average   survivor  under  average  traffic).     Taking  these  limits 
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Table  4. — Numerical  data  of  mortality  type  curve,  S\ 
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and  conditions  into  account,  the  engineer  must  forecast  its  prob- 
able life  by  judgment.  It  would  probably  be  less  than  27  and 
might  be  about  25  years. 

Case  2. — A  brick-on-concrete  pavement  on  a  street  in  a  well- 
to-do  residence  section.  Service  age  21  years,  as  in  case  1,  but 
the  present  physical  condition  is  considerably  better  than  thai 
of  the  average  21-year-old  brick-on-concrete  pavements  in  the 
city,  and  the  traffic  is  lighter  than  the  average  on  such  pavements. 

As  in  case  1,  the  probable  life  indicated  in  figure  2  for  the 
average  survivor  is  33  years;  and  it  may  be  noted  further  that 
only  a  negligible  number  of  similar  pavements  have  probable  lives 
greater  than  170  percent  of  28  years  equals  41  years.  Hence 
the  engineer,  using  his  judgment  in  view  of  the  actual  conditions, 


Age  interval,  percentage 
ol  average  life 

Renewal 

during  age 

interval 

Surviving 

at  beginning 

of  age 

interval 

Expectancy 
as  a  percen- 
tage of  aver- 
age life 

Probable 
life,  per- 
centage of 
average  life 

0-10 .   

Pent  ut 
0.  1584 
.8872 

2.  0108 

3.  3294 
4. 6964 
5.  9971 

7.  1408 

8.  0578 

8.  6971 

9.  0250 
9.  0250 
8.6971 
8.  0578 
7.  1408 
5.9971 

4.  6964 
3.  3294 
2.  0108 

.8872 
.  1584 

Percent 
100.  0000 
99. 8416 
98.  9544 
96  9436 
93.  6142 
88.9178 
82.  9207 
75.  7799 
6.7.7221 
59.  0250 
50.  0000 
40.  9750 
32.  2779 
24.  2201 
17.  0793 
11.  0822 
6.  3858 
3.  0564 
1.0456 
.1584 

Percent 
100.00 
90.15 
80.91 
72.  49 
64.89 
58.05 
51.89 
46.31 
41.22 
36.  56 
32.26 
28.26 
24.53 
21.  02 
17.72 
14.61 
11.67 
8.94 
6.  52 
5.00 

Percent 
100  00 

10-20     .   ...   . 

100  15 

20-30   . 

100  91 

30-40   

40-50 

50-60. _ 

60-70 

102.  49 
104.  89 
108.  05 
111.89 

70-80 

80-90 

116.31 
121.  22 

90-100 

126  56 

100-110     

132.  26 

110-120 

138.  26 

120-130      . 

144  53 

130-140 

151.02 

140-150 

150-160 

157.  72 
164.  61 

160-170 

170-180 

171.67 
178.  94 

180-190.    

186.  52 

190-200 

200-210      

195.00 
200.00 

would  forecast  the  probable  life  of  this  pavement  somewhere 
between  33  and  41  years  (quite  probably  about  35  years). 

As  a  further  illustration  of  the  possible  use  of  mor- 
tality type  curves  in  forecasting  the  probable  lives  of 
particular  pavements,  it  may  be  said  that  the  author 
and  Mr.  W.  O.  Price  of  the  Iowa  State  Highway  Com- 
mission staff  are  now  beginning  the  preparation  of  a 
forecast  of  the  probable  amounts  of  State  road  pave- 
ment reconstruction  which  will  be  required  from  time 
to  time  during  the  next  15  years.  Using  county  maps, 
on  which  the  date  and  limits  of  each  pavement  con- 
struction contract  are  shown,  we  are  making  prelim- 
inary personal  inspections  of  all  existing  primary  road 
pavements,  rating  them  tentatively  as  to  present  phys- 
ical condition.  Traffic  conditions  are  to  be  ascertained 
by  a  State- wide  traffic  survey  which  is  just  being  started 

(Continued  on  p.  14) 


THE  RISING  ACCIDENT  RATE 

By  WILLIAM    G.  ELIOT,  3D,  Highway  Economist,  Division  of  Highway  Transport,  Bureau  of  Public  Roau*  ' 


Many  Serious  Accidents  Occur  on  Wide  and  Straight  Roadways  with 
ixg  4-Lane  Roadways  is  Toward  Separation  of  Traffic   Moving 


,\m;s  M  vrked.     The  Present  Tendency  in  Design- 
n  Opposite   Directions  by   a   Center   Parkway 


STATISTICS  of  motor  vehicle  accidents  for  1934 
indicate  that  the  year's  fatalities  were  approximately 
35,500,  an  increase  of  13  percent  over  1933.  Both  in 
absolute  numbers  and  in  percentage  of  increase,  this 
establishes  a  new  record — of  which  we  are  not  proud. 
Not  only  does  humanitarian  instinct  demand  that 
something  be  done  to  check  and  reverse  this  trend, 
but  we  who  are  builders  and  keepers  of  the  Nation  's 
roads  have  a  further  personal  stake  in  the  matter.  If 
public  opinion  wakes  up  in  -alarm  and  horror  to  the 
situation  it  may  have  serious  repercussions  on  the 
highway  engineering  profession. 

POSSIBLE  CAUSES  OF  INCREASE  IN  ACCIDENTS  CONSIDERED 

How  are  we  to  account  for  this  distinct  upturn  in  the 
accident  rate?  Quite  definitely  we  cannot  attribute  it 
to  any  decline  in  standards  of  highway  design  or 
maintenance.  There  are  plenty  of  accidents  for  which 
highway  defects  may  be  at  least  partly  responsible,  but 
thess  defects  certainly  have  not  increased  to  cause  the 
large  jump  in  fatalities.  Our  highways  are  being  built 
for  greater  safety  every  year.  Relocations,  widening, 
surfacing,  grade  separations,  and  similar  projects  are 
constantly  correcting  hazardous  conditions.  However, 
the  pace  at  which  these  improvements  have  been  pro- 
vided on  our  large  mileage  of  road  has  lagged  behind 
the  need  for  them  due  to  changes  in  the  character  of  use. 
Apparently,  in  spite  of  all  our  highway  improvements, 
the  margin  of  safety  is  actually  being  reduced  by  in- 
creases in  vehicular  speeds  and  volumes,  or  by  other 
factors  over  which  the  highway  engineer  has  no  control. 

The  motor  vehicles  on  the  highway  are  also  under- 
going constant  improvement  in  design.  Lower  centers 
of  gravity,  technical  betterment  of  brakes,  steeling 
gears  and  tires,  safety  glass,  steel  bodies,  and  increased 

1  Paper  presented  before  the  twenty-seventh  annual  meeting  of  the  Mississippi 
Valley  Conference  of  State  Highway  Departments,  Chicago,  111.,  Feb.  i.  1935 


ease  and  certainty  of  control — all  may  properly  be 
regarded  as  steps  toward  greater  safety.  The  speed 
that  goes  with  high-powered  motors  is  the  only  impor- 
tant automotive  feature  that  does  not  seem  reconcilable 
with  safety. 

The  persons  who  operate  motor  vehicles  make  up  a 
large  and  very  representative  sample  of  human  nature, 
and  human  nature  is  known  to  have  remained  pretty 
much  the  same  for  a  long  time.  Reaction  times,  acute- 
ness  of  vision,  muscular  coordination,  and  temperament 
have  experienced  no  sudden  change  in  the  past  12 
months.  The  only  new  factor  possibly  affecting  the 
vehicle  driver  is  the  repeal  of  liquor  prohibition,  of 
which  more  is  said  in  the  following  pages. 

In  seeking  an  explanation  of  the  rising  accident  rate, 
we  must  also  look  into  the  accident  "exposure."  An 
increase  in  the  use  of  motor  vehicles,  all  other  circum- 
stances remaining  unchanged,  would  be  accompanied 
by  a  proportionate  increase  in  accidents.  Our  best 
index  of  vehicle  use  is  gasoline  consumption,  as  revealed 
in  tax  data.  Preliminary  estimates  indicate  a  marked 
rise  in  gasoline  consumed  in  L934  as  compared  with 
lit:;:;,  but  it  is  not  yet  possible  to  determine  the  extent 
to  which  increased  travel  may  account  lor  the  increase 
in  accidents. 

In  this  brief  summary  there  are  two  items  that  stand 
out  as  newr  factors  in  the  accident  situation.  One  of 
these  is  the  repeal  of  prohibition,  and  the  other  is  the 
prevailing  increase  in  vehicle  speeds. 

Repeal  has  not  had  all  of  the  dire  results  that  were 
predicted  for  it  by  some  of  its  opponents.  Scattered 
reports,  however,  do  indicate  a  rise  in  the  number  of 
accidents  chargeable,  at  least  in  part,  to  intoxication. 
Arrests  lor  drunken  driving  have  also  increased. 
Detroit,  lor  example,  reports  lor  the  first  9  months  of 
1934  a  !)(!   percent    increase  in   the  number  of  drinking 
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Highway  Accidents  Are  Increasing  in  Number  in  Spite 
of  Improved  Road  Conditions.  It  Is  Evident  That 
Effective  Measures  Must  be  Taken  to  Reduce  the 
Loss  of  Life  and   Number  of   Injuries. 

motorists  involved  in  traffic  accidents,  and  a  78  percent 
increase  in  motor  vehicle  injury  accidents  involving 
drinking  drivers.2 

There  is  no  question  that  intoxicated  drivers  and  in- 
toxicated pedestrians  must  be  kept  off  the  roads. 
While  the  obvious  answer  is  the  strictest  enforcement 
of  existing  laws  against  intoxicated  driving,  the  practi- 
cal difficulty  is  to  determine  when  a  man  is  actually,  or 
legally,  "under  the  influence."  Research  is  now  under 
way,  both  in  this  country  and  abroad,  to  develop 
simple  physiological  tests,  based  on  alcohol  concentra- 
tion in  certain  body  fluids,  but  it  is  too  early  to  predict 
possible  results.  Such  tests  must  be  absolutely  re- 
liable or  they  will  be  worse  than  useless.  There  appears 
to  be  no  way  to  detect  the  man  who  is  not  drunk,  but 
who  has  had  just  enough  to  Impair  the  faculties  needed 
by  a  safe  driver,  until  he  has  had  an  accident  or  violated 
some  traffic  regulation.  Then,  perhaps,  we  can  pre- 
vent a  repetition  by  depriving  him  of  his  driver's 
license,  or  by  other  suitable  discipline. 

INCREASED  SPEED  AN  IMPORTANT  FACTOR 

The  second  new  factor  in  the  accident  problem  is  the 
increasing  speed  for  which  cars  are  now  being  designed. 
Within  the  last  2  or  3  years,  the  lowest-priced  cars  have 
been  designed  for  performance  almost  equal  to  that  of 
the  most  expensive  ones.  The  maximum  brake  horse- 
powers of  the  1930  models  of  three  of  the  most  popular 
low-priced  cars  were  40,  46,  and  45,  respectively.  For 
the  1933  models  the  corresponding  figures  were  65,  65, 
and  70,  and  for  the  1934  models  92,  SO,  and  77  horse- 
power, respectively.  This  development  in  the  cars 
that  make  up  so  large  a  proportion  of  automobile 
sales  has  had  a,  controlling  effect  on  the  general  average. 
Anyone  who  buys  a  car  now  can  travel  at  speeds  re- 
served only  a  few  years  ago  for  a  select  few. 

Raising  or  removal  of  legal  speed  limits  in  recent  years 
reflects  changing  driving  habits,  but  in  no  way  meas- 
ures the  change.  In  fact,  we  have  very  few  data  as 
to  average  highway  speeds  until  very  recently,  though 
our  personal  experience  testifies  that  they  have  been 
markedly  stepped  up.  As  far  back  as  1925  the  State 
of  Rhode  Island  began  making  stop-watch  speed  ob- 
servations which  have  been  carried  on  more  or  less  con- 
tinuously since.  The  earlier  records  show  an  average 
speed  (for  uninterrupted  travel)  of  25.6  miles  per  hour. 

Public  Safety,  December  1934,  p.  18. 


Incomplete  analysis  of  studies  made  by  the  Bureau  of 
Public  Roads  on  a  number  of  highways  in  eastern 
Massachusetts  during  the  past  summer  indicates  an 
average  speed  of  only  about  33  miles  per  hour  on  those 
roads.  At  one  point  well  away  from  any  settled  com- 
munity an  average  of  39  miles  was  observed  for  vehicles 
of  all  classes.  The  figures  seem  surprisingly  low.  We 
are  accustomed  to  think  of  travel  at  speeds  consistently 
over  40  or  even  50  miles  per  hour,  yet  observations  in  a 
number  of  States  have  rarely  shown  averages  exceeding 
40  miles.  It  is  likely  that  in  States  where  travel  dis- 
tances are  greater  and  where  there  are  fewer  settled 
areas  to  prevent  a  building  up  of  speed  the  averages 
will  run  somewhat,  but  not  a  great  deal,  higher. 

From  the  safety  standpoint  the  average  speed  tells 
only  a  part  of  the  story.  The  danger  in  the  rising 
average  is  in  the  increase  of  speed  at  the  upper  end  of 
the  scale.  There  are  always  some  drivers  who  try  to 
take  full  advantage  of  the  top  speeds  of  which  their 
cars  are  capable,  and  many  who  are  not  happy  except 
when  they  are  in  a  hurry  to  get  somewhere.  Generally 
speaking,  it  is  these  higher  speeds  that  cause  trouble, 
not  only  in  themselves,  but  also  because  any  lower 
speeds  deceptively  seem  safe.  One  of  the  problems  of 
small-town  traffic  regulation  is  that  drivers  coming  in 
from  the  open  highway  fail  to  reduce  speed  to  a  safe 
degree.  Thirty  or  35  miles  per  hour  seems  like  crawling 
after  manv  miles  at  60  or  better. 


Warning  Signs  and  Road-Marking  Are  Important  Factors 
in  Accident  Prevention.  Conspicuous  Progress  Has 
Been  Made  in  Standardizing  and  Placing  Signs  and 
Markings. 

Wo  have  too  long  evaded  the  issue  by  such  sophistry 
as  the  familiar  assertion  that  "Speed  in  itself  is  not  a 
cause  of  accidents."  Eighty  miles  per  hour  in  the 
right  place  is  safer,  we  have  argued,  than  20  miles 
under  unfavorable  circumstances.  True,  but  it  gets 
us  nowhere.  By  the  same  method  of  argument,  we 
can  easily  prove  that  any  other  dangerous  condition 
is  not  "in  itself  "  a  cause  of  accidents.  Speed  is  a  cause 
of  accidents,  and  we  might  as  well  admit  it  frankly. 

The  present  generation  demands  fast  travel  even  at 
its  high  cost  in  life,  limb,  and  property.  We  cannot,  of 
course,  arbitrarily  reduce  all  speed  to  a  safe  pace  for  all, 
regardless  of  differing  highway  conditions  and  differing 
abilities  of  operators.  For  the  most  part  we  can  only 
continue  along  present  lines,  with  redoubled  effort 
toward  safety. 
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The  Increased  Speed  and  Volume  of  Traffic  Have  Made  Necessary  a  Large  Amount  of  Work  in  Further  Improving 
Existing  Surfaces.  Grade  Crossings  Need  to  be  Eliminated,  Bridges  Widened,  Sight  Distances  Increased,  and 
Narrow  Surfaces  Widened. 


SAFER    HIGHWAYS    AND    CHECKS    ON    EXCESSIVE    SPEED    NEEDED 
TO  REDUCE  ACCIDENTS 

In  the  first  place,  we  shall  have  to  go  on  improving 
road  design  and  eliminating  danger  points.  This 
needs  no  discussion  in  a  gathering  of  highway  engineers. 
The  difficulty  is  not  a  lack  of  knowledge  of  how  we 
should  do  it.  It  is  the  impossibility  of  finding  within 
any  reasonable  time  the  almost  unlimited  funds  that 
would  be  needed  for  a  really  satisfactory  program  of 
highway  improvement.  Divided  highways  and  grade 
separations,  essential  for  the  safe  movement  of  traffic 
in  congested  areas,  and  desirable  for  safety  everywhere, 
must  be  adopted  more  generally  as  funds  can  be  made 
available.  Adequate  highway  lighting  is  being  urged 
for  safety,  but  satisfactory  standards  have  not  yet 
been  agreed  upon,  and  its  cost  would  probably  prevent 
any  widespread  program  of  rural  lighting.  Wide 
shoulders  for  parking  and  footpaths  for  pedestrians 
will  prevent  many  accidents  and  are  relatively  inex- 
pensive as  compared  with  most  safety  features. 

Improvement  of  sight  distances,  necessary  for  the 
safety  of  high-speed  travel,  can  often  be  accomplished 
at  small  cost  by  the  reduction  of  horizontal  or  vertical 
curvature. 

of   the   motorist   in   recognizing 
adequate  signs  and  markers  are 
The  latest  word  on  this  subject 
can  be  found  in  the  newly  revised  manual  recently  pro- 
duced by  a  joint  committee  of  the  American  Associa- 
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For  the  assistance 
hazardous  conditions, 
of  great  importance. 


tion  of  State  Highway  Officials  and  the  National  Con- 
ference on  Street  and  Highway  .Safety. 

Traffic  signals  for  the  orderly  control  of  traffic  are 
also  part  of  the  safety  program,  where  traffic  is  heavy 
and  grade  separation  is  not  practicable. 

So  much  for  what  the  highway  engineer  a-  such  can 
do.  He  does  not  and  cannot  assume  the  entire  respon- 
sibility for  safety.  It  would  be  very  pleasant  if  we  could 
design  and  build  our  highways  so  that  traffic  would  lie 
wholly  self-regulating,  but  thai  is  asking  too  much. 
Some  curb  on  dangerous  driving  is  necessary  by  Legal 
regulation. 

In  checking  excessive  speed  by  regulation,  there  are 
three  courses  open — a  definite  speed-limit  law.  a  re- 
designing of  motor  vehicles  for  lower  to])  speeds  (by 
means  of  governors  or  by  a  more  fundamental  motor 
change),  or  a  much  stricter  selection  of  motor  vehicle 
operators  on  the  basis  of  their  ability  to  handle  cars 
safely  and  at  properly  controlled  speeds. 

The  speed-limit  law  here  referred  to  would  be  aimed 
only  at  the  higher  speeds  and  would  he  absolute,  nol 
"prima  facie"  It  would  be  justified  on  grounds  similar 
to  those  on  which  we  now  defend  the  hunting  of  vehicle 
sizes  and  weights.  In  proposing  uniform  maximum 
dimensions  and  gross  loads,  we  are  set  ling  up  a  standard 
to  which  our  roads  shall  be  built.  If  we  concede  the 
right  to  limit  sizes  and  weights  in  the  interests  of  safety 
and  economy  of  design,  we  must  recognize  also  the  logic 
of  restricting  speed  to  a  maximum  which  can  reasonably 
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be  provided  for  in  the  design.  Traffic  that  must  move 
at  a  faster  pace  should  be  diverted  to  rail  or  air.  What 
should  this  legal  speed  be?  I  do  not  know.  Even  if  it 
were  set  no  higher  than  60  miles  per  hour  it  would 
cause  possible  annoyance  to  only  a  relatively  small 
proportion  of  the  drivers  on  the  road.  Studies  on 
Maryland  highways,  reported  at  the  1933  meeting  of 
the  highway  research  board  by  Dean  A.  N.  Johnson  of 
the  University  of  Maryland,  showed  only  2  percent  of 
the  observed  vehicles  traveling  in  excess  of  55  miles  per 
hour  on  open  highways  where  the  general  speed  limit  of 
40  miles  applied. 

Regulating  the  mechanical  design  of  vehicles  so  that 
none  would  be  capable  of  exceeding  a  reasonable  speed 
would  have  the  same  shortcoming  as  the  imposition  of  a 
highway  speed  limit;  namely,  that  it  would  affect  only 
top  speeds.  In  order  not  to  be  an  intolerable  incon- 
venience, it  would  have  to  set  the  limit  at  a  speed 
exceedingly  dangerous  for  any  but  very  favorable  cir- 
cumstances. Unless  the  limit  on  top  speed  could  be 
achieved  without  sacrific  of  acceleration  and  power,  it 
would  be  most  unpopular  with  American  drivers,  who 
expect  "snappy"  performance.  It  is  doubtful  if  this 
proposal  would  find  any  considerable  public  support, 
therefore — at  least  not  until  we  are  ready  to  think  more 
of  economy  of  operation  than  of  acceleration  and  speed. 
The  enormous  price  we  are  paying  for  "performance  "  is 
to  be  measured  in  terms  of  excess  horsepower,  inefficient 
load  factor,  rapid  mechanical  depreciation,  and,  of 
course,  accidents. 


Enforcement  of  Highway  Regulations  Is  a  Necessary 
Step  in  Accident  Control. 

licensing  drivers  an  effective  safety  measure 

In  the  end,  the  safe  use  of  motor  vehicles  depends 
mostly  upon  the  operator  himself.  No  law  or  regula- 
tion can  determine  in  advance  what  speed  is  "too  fast 
for  conditions"  in  every  situation  that  may  arise.  A 
safe  driver  is  one  whose  alertness  and  judgment  can  be 
depended  upon  to  keep  him  from  traveling  in  excess  of  a 
safe  speed. 

The  reckless  or  otherwise  incompetent  driver  can  be 
disciplined,  instructed,  or  eliminated  through  two 
agencies — a  State  highway  police  and  an  adequate 
system  of  licensing  drivers.  The  presence  of  uniformed 
motorcycle  police  on  a  highway  is  a  powerful  influence 
for  good  driving,  and  incidentally,  but  frequently,  a 
great  help  to  motorists  in  trouble.  Licensing  of  drivers 
provides  an  opportunity  for  testing  their  capabilities 


as  drivers  and  their  knowledge  of  motor  vehicle  regula- 
tions before  they  are  permitted  to  use  the  public  high- 
ways. Even  more  important,  perhaps,  is  the  power 
reserved  by  the  State  to  suspend  or  revoke  these  licenses 
for  cause.  Driver's  license  examinations  do  not  now, 
and  perhaps  never  can,  reveal  all  of  the  hidden  flaws  of 
recklessness,  slow  muscular  or  nervous  coordination, 
indulgence  in  intoxicants,  and  the  like.  However,  just 
as  soon  as  a  licensed  driver  begins  to  develop  a  bad 
record,  either  in  accidents  or  law  violations,  the  State 
can  bring  him  promptly  to  account  by  depriving  him  of 
his  right  to  drive.  Often  a  hearing  and  a  warning  are 
sufficient. 

The  value  of  a  license  law  is  effectively  demonstrated 
by  an  analysis  recently  published  by  the  National 
Safety  Council.  The  States  were  classed  according  to 
whether  they  had  a  standard  license  law  and  adminis- 
tration, a  substandard  license  law  and/or  administra- 
tion, and  those  having  no  license  law,  the  last  class  being 
subdivided  into  several  groups  of  neighboring  States. 

From  1926  to  1933  the  motor  vehicle  death  rate  (per  10,000,000 
gallons  of  gasoline  consumed)  in  standard  license  law  States 
dropped  25  percent,  while  the  rate  in  other  States  increased  14 
percent.  *  *  *  In  the  seven  States  with  substandard  law 
and/or  administration  the  death  rate  in  1933  was  7  percent  above 
1926.  Among  seven  midwestern  nonlicense  States  there  was  an 
advance  of  12  percent.  In  10  southern  nonlicense  States  the 
rate  rose  26  percent.  For  five  western  nonlicense  States  there 
was  an  increase  of  15  percent.3 

Act  II  of  the  Uniform  Vehicle  Code  drafted  by  the 
National  Conference  on  Street  and  Highway  Safety  is 
a  model,  standard  license  law,  tested  by  wide  experience, 
and  ready  for  adoption  by  any  State.  As  a  safety 
measure,  no  single  piece  of  legislation,  adequately 
administered,  seems  more  likely  to  accomplish  its 
purpose. 

STUDY  OF  ACCIDENT  CAUSES  NECESSARY  FOR  PROPER  CORRECTIVE 
MEASURES 

So  much  for  the  specific  attack  on  some  of  the  more 
urgent  elements  of  the  accident  problem.  To  the 
extent  that  we  can  make  the  highway,  by  proper  design, 
safe  for  reasonable  speed;  to  the  extent  that  we  can 
enforce  that  speed;  and  to  the  extent  that  we  can  weed 
out  the  unfit  driver,  we  shall  achieve  safer  highways. 

These  remarks  have  therefore  been  directed  toward  a 
general  safety  program,  though  emphasizing  only  the 
recent  developments  in  the  accident  situation.  Some 
of  the  statements  made  here  have  been  rather  broad 
and  over-simplified.  As  a  matter  of  fact,  we  still  have 
much  to  learn  about  accidents,  and  especially  why  they 
are  happening  in  any  particular  State  or  locality.  Since 
accident  prevention  must  be  achieved  one  step  at  a 
time,  the  more  we  know  about  detailed  causes,  the  more 
intelligently  we  can  go  about  organizing  our  campaign 
and  selecting  our  immediate  objectives.  For  every 
accident  we  should  know  exactly  where  it  occurred,  who 
was  involved,  and  what  conditions  contributed  to  it. 

A  report  of  every  motor-vehicle  accident  involving 
personal  injury  or  serious  property  damage  should  be 
required  by  law,  to  be  made  to  the  nearest  police  agency 
or  directly  to  the  State  authorities.  For  uniform  and 
complete  reporting  it  is  essential  that  a  standard  form 
be  used.  Even  an  experienced  observer  will  omit  sig- 
nificant details  unless  he  has  an  outline  to  guide  him. 
The  form  adopted  by  the  National  Safety  Council  is 
recommended  for  its  completeness  and  its  simplicity. 

1  Public  S:,fely,  August  1934 
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Little  Progress  Has  Been  Made  in  Constructing  Foot- 
paths in  Spite  of  the  Obvious  Need  for  Them  in  Many 
Locations.  The  Death  Toll  of  Pedestrians  Is  Large 
and  Bridges  Are   Particularly   Dangerous. 

From  an  adequate  record  of  place  of  occurrence,  we 
can  discover  the  "sore"  spots  in  our  highway  systems, 
and  after  careful  analysis  of  the  accident  data  and  diag- 
nosis of  the  trouble,  we  can  prescribe  the  remedy. 
From  our  record  of  motor- vehicle  operators  involved  in 
accidents,  we  may  hope  to  remove  "accident-prone" 
drivers  from  the  road.  From  the  circumstances  most 
frequently  attending  these  accidents,  law  enforcement 
agencies  and  highway  administrators  may  plan  their 
campaigns  against  special  hazards  wherever  found. 

As  a  means  of  concentrating  public  attention  upon 
these  matters,  it  is  suggested  that  a  governor's  commis- 
sion be  appointed  in  each  State,  empowered  to  inquire 


A  Method  of  Increasing  Sight  Distance  on  Sharp  Curves. 
In  This  Case  Conditions  Are  Improved  but  Are  Still 
Dangerous. 

into  the  extent  and  causes  of  highway  accidents.  Full 
publicity  should  be  given  to  its  studies,  and  any  weak- 
ness in  existing  accident  records  or  law  enforcement 
should  be  brought  to  light.  Causes  of  accidents  as  re- 
vealed by  its  findings  should  be  stressed  by  the  press  in 
an  educational  campaign  for  better  and  safer  driving. 
With/put  public  opinion  behind  us,  we  cannot  progress 
far,  since  safety  costs  money  on  the  one  hand,  and,  on 
the  other,  demands  a  certain  surrender  of  personal 
liberty.  With  an  aroused  public  sentiment  for  safety, 
however,  the  driver  who  causes  accidents  becomes  an 
offender  against  the  State,  not  merely  an  unfortunate 
victim  of  circumstance. 


(Continued  from  p.  2) 

development  of  a  coherent  plan  sufficiently  broad  to 
encompass  the  major  needs  here  touched  upon  is  one 
of  the  prime  essentials  of  the  immediate  operations  of 
each  State  highway  department.  In  the  absence  of 
existing  authority  on  the  part  of  the  State  highway 
departments  to  undertake  such  planning,  1  have  urged 
that  legislative  sanction  be  sought.  The  Federal 
highway  legislation  has  already  recognized  the  benefits 
to  be  obtained  through  studies  and  has  provided  for 
Federal  cooperation  in  them. 

Studies  of  this  sort  cannot  be  of  a  perfunctory  nature. 
They  must  contemplate  the  formulation  of  a  compre- 
hensive plan  for  the  development  of  a  fully  adequate 
highway  transportation  system  consistent  with  modern 
economic  and  social  trends.  The  facts  obtained  must 
be  sufficient  to  indicate  the  relative  importance  of  both 
rural  and  urban  roads  which  for  economic  or  social 
reasons  may  be  considered  eligible  for  inclusion  in  the 
improvement  program.  The  special  problem  of  ap- 
proaches to  cities  and  the  connections  through  and 
around  them  needs  the  attention  necessary  to  plan 
such  improvements  in  anticipation  of  their  under- 
taking. 


An  inventory  of  the  entire  existing  highway  plant  is 
imperatively  needed,  and  a  careful  estimate  of  the 
financial  provision  necessary  for  its  preservation,  re- 
newal, and  progressive  development  should  be  made. 
This  extends  to  all  major  parts  such  as  the  examination 
and  rating  of  the  condition  and  capacity  of  bridges  and 
the  fixing  of  priority  for  the  elimination  of  existing  grade 
crossings  of  railroads  in  which  we  should,  of  course, 
seek  the  opinions  and    plans  of  railroad    managements. 

The  final  object  should  be  the  conception  and  formu- 
lation of  a  composite  plan  for  the  development  of  all 
highways,  regardless  of  their  present  legal  classification 
or  condition,  and  an  estimate  of  the  probable  cost. 
The  study  also  should  indicate  the  benefits  which  are  to 
be  realized  from  such  improvements,  considering  the 
direct  users,  the  landowners,  and  others  who  benefit 
indirectly.  On  the  basis  of  such  information,  intelli- 
gently consolidated,  there  need  be  no  hesitation  in 
undertaking  the  broadened  highway  program  with 
faith  that  the  growth  of  population,  the  promotion  of 
the  safetj  and  economy  of  highway  transportation, 
and  the  enlarged  social  and  recreational  benefits  to  lie 
secured,  will  justify  and  maintain  the  cost  if  the  plan 
i^  laid  with  intelligence  and  faith  in  the  future. 


REGULATION  OF  OUTDOOR  ADVERTISING  UPHELD  IN 
MASSACHUSETTS  COURT  DECISION 


THE  AUTHORITY  of  the  Massachusetts  Depart- 
ment of  Public  Works  to  regulate  outdoor  advertis- 
ing on  public  highways  and  the  Federal  constitu- 
tionality of  the  act  under  which  regulation  has  been 
attempted  have  been  sustained  in  a  decision  of  the 
Supreme  Judicial  Court  of  Massachusetts  in  an  opinion 
filed  January  10,  1935.  The  following  statements  are 
based  on  the  printed  opinion.1 

The  constitution  of  Massachusetts  was  amended  on 
November  5,  1918,  in  these  words:  "Advertising  on 
public  ways,  in  public  places,  and  on  private  property 
within  public  view  may  be  regulated  and  restricted  by 
law."  Following  this  constitutional  amendment  legis- 
lation was  enacted  requiring  the  State  department  of 
public  works  to  make  "rules  and  regulations  for  the 
proper  control  and  restriction  of  billboards,  signs,  and 
other  advertising  devices  *  *  *  on  private  prop- 
erty within  public  view  of  any  highway,  public  park,  or 
reservation",  with  an  exception  not  material  to  this 
review.  The  legislation  further  provides  that  such 
rules  and  regulations  may  require  that  the  billboards, 
signs,  and  other  devices  be  licensed  and  that  fees  be  pre- 
scribed. The  department  of  public  works  has  power  to 
amend  or  repeal  regulations. 

Cities  and  towns  may  further  regulate  and  restrict 
billboards  and  other  devices  within  their  respective 
limits  by  ordinances  or  by  laws  not  inconsistent  with 
State  regulation  or  laws. 

REGULATIONS    DESIGNED    TO    PROTECT    NATURAL    BEAUTY     AND 
SAFETY  OF  TRAVEL 

The  rules  and  regulations  now  in  force  were  adopted 
by  the  department  of  public  works  to  be  in  effect  on 
and  after  January  24,  1924. 

The  substance  of  those  rules  and  regulations  is  as 
follows:  Provision  is  made  requiring  all  those  engaged 
in  outdoor  advertising  to  be  licensed  by  the  department 
of  public  works,  such  licenses  to  be  in  force  for  1  year 
unless  sooner  revoked.  The  fee  for  such  license  and  for 
renewal  thereof  is  $50.  No  one  may  engage  in  the 
business  of  outdoor  advertising  without  permits  for 
each  advertising  device  for  which  two  annual  fees  of  $2 
each  are  exacted,  one  for  examination  and  the  other 
for  inspection,  subject  to  various  regulations  as  to 
details,  and  to  revocation  for  cause. 

Provision  is  made  for  advertising  devices  within  pub- 
lic view  from  any  highway,  public  park,  or  reservation 
by  persons  not  engaged  in  the  business  of  outdoor  ad- 
vertising. In  general,  outdoor  advertising  within  any 
public  way  is  forbidden.  "No  permits  will  be  issued  for 
outdoor  advertising  in  any  location  winch  is  within  300 
feet  of  any  public  park  or  reservation,  if  within  view  of 
any  portion  of  the  same"  with  an  exception  not  here 
material,  and  permits  may  be  granted  for  the  location 
of  electrical  display  signs  on  buildings  under  such  re- 
strictions as  the  department  of  public  works  may  im- 
pose. "No  outdoor  advertising  shall  be  painted  or 
affixed  upon  any  fence  or  pole  within  50  feet  of  any  pub- 
lic way  nor  directly  on  the  wall  of  any  building." 

Dimensions  and  material  of  all  outdoor  advertising 
devices  may  be  prescribed  by  the  department  of  public 
works,  and  objectionable  matter  may  be  required  to  be 
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removed.  No  renewal  permit  will  be  granted  for  adver- 
tising devices  unless  the  front,  back,  braces,  anchors, 
and  lattice  work  thereof  are  painted  and  kept  in  proper 
condition.  Advertising  devices  and  the  ground  about 
them  must  be  kept  free  from  all  rubbish  or  any  materials 
objectionable  in  the  opinion  of  the  department  of  public 
works. 

Section  6  of  the  regulations  is  entitled  "Restrictions" 
and  is  in  these  words:  "A.  No  permit  will  be  granted 
for  the  location  or  maintenance  of  billboards,  signs  or 
other  advertising  devices  near  certain  public  ways  where, 
in  the  opinion  of  the  division,  having  regard  to  the 
health  and  safety  of  the  public,  the  danger  of  fire,  and 
the  unusual  scenic  beauty  of  the  territory,  signs  would 
be  particularly  harmful  to  the  public  welfare.  B.  No 
permit  will  be  granted  for  the  location,  erection  or 
maintenance  of  any  billboard,  sign  or  other  advertising 
device  within  a  radius  of  150  feet  from  the  point  where 
the  center  lines  of  two  or  more  public  ways  intersect. 
This  provision  shall  not  apply  to  districts  which  the 
division  may  determine  are  of  a  business  character.  C. 
No  billboard,  sign  or  other  advertising  device  shall  be 
erected,  displayed  or  mantained  in  any  block  in  which 
one-half  of  the  buildings  on  both  sides  of  the  street  are 
used  exclusively  for  residential  purposes,  except  that  if 
the  written  consent  of  the  owners  of  a  majority  of  the 
frontage  on  both  sides  of  the  street  in  such  block  is 
obtained  and  is  attached  to  the  application  for  a  permit 
to  erect,  display  or  maintain  such  billboard,  sign  or 
other  advertising  device  the  division  may  permit  the 
erection,  display  or  maintenance  of  the  same.  D.  No 
permit  will  be  granted  for  the  erection  or  maintenance 
of  any  billboard,  sign  or  other  advertising  device  if  said 
billboard,  sign  or  advertising  device  is  to  be  located: 
(1)  Nearer  than  50  feet  to  the  boundary  line  of  any 
public  way;  (2)  Nearer  than  100  feet  to  the  boundary 
line  of  any  public  way,  if  within  view  of  any  portion  of 
the  same,  if  said  billboard,  sign  or  other  advertising 
device  exceeds  an  area  of  32  square  feet;  (3)  Nearer 
than  300  feet  to  the  boundary  line  of  any  public  way,  if 
within  view  of  any  portion  of  the  same,  if  said  billboard, 
sign  or  other  advertising  device  exceeds  a  length  of  25 
feet  or  a  height  of  12  feet;  (4)  In  any  event  if  said  bill- 
board, sign  or  other  advertising  device  exceeds  a  length 
of  50  feet  or  a  height  of  12  feet ;  except  that  the  division 
may  permit  the  erection  of  billboards,  signs  or  other 
advertising  devices  which  do  not  exceed  40  feet  in  length 
and  15  feet  in  height  if  not  nearer  than  300  feet  to  the 
boundary  line  of  any  public  way.  Provided,  howrever, 
that  this  paragraph  shall  not  apply  to  districts  which  the 
division  may  determine  are  of  a  business  character.  E. 
No  permit  shall  be  granted  for  the  erection  of  a  bill- 
board, sign  or  other  advertising  device  which  will,  in  the 
judgment  of  the  division,  obstruct  the  visibility  of 
another  sign.  F.  No  billboards,  signs  or  other  adver- 
tising devices  shall  be  located  nearer  to  other  billboards, 
signs  or  other  advertising  devices  than  50  feet,  unless 
said  billboards,  signs  or  other  advertising  devices  are 
placed  back  to  back.  Provided,  however,  that  this 
provision  shall  not  apply  to  districts  which  the  division 
may  determine  are  of  a  business  character." 

Section  7  of  the  regulations  required  that  all  adver- 
tising devices  whether  erected  before  the  adoption  of 
the  rules  and  regulations  or  not  should  be  removed  by 
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Jul)-  1,  1925,  provided  that  extension  might  be  granted 
to  not  later  than  July  1,  1927,  unless  maintained  under 
a  permit  issued  in  accordance  with  the  regulations. 

A  form  of  ordinance  or  bylaw  was  set  forth,  which, 
if  adopted  by  a  city  or  town,  would  be  approved  by 
the  department  of  public  works.  Such  a  bylaw  was 
adopted  by  the  town  of  Concord. 

COURT    DECISION    BASED    ON    HEARINGS    AND    THOROUGH   STUDY 

Fifteen  suits  in  equity  were  brought  by  individuals, 
firms,  and  corporations  engaged  in  outdoor  advertising 
as  plaintiffs;  14  suits  were  against  the  commissioners  of 
the  department  of  public  works  as  defendants,  and  1 
suit  was  against  the  officers  of  the  town  of  Concord. 
The  object  of  the  suits  was  to  obtain  decrees  to  the 
effect  that  all  and  certain  parts  of  the  rules  and  regula- 
tions adopted  by  the  department  of  public  works  and 
the  bylaw  adopted  by  the  town  of  Concord  are  void, 
unconstitutional,  and  of  no  effect. 

Pending  the  final  disposition  of  the  suits  an  injunc- 
tion was  issued  against  the  disturbance  of  signs,  bill- 
boards, and  other  advertising  devices  of  the  plaintiffs. 

The  cases  wrere  consolidated  into  a  single  cause  for 
hearing  and  were  referred  to  a  master  under  a  rule  "to 
hear  the  parties  and  their  evidence,  and  to  report  his 
findings  *  *  *  together  with  such  facts  and  ques- 
tions of  law  and  portions  of  the  testimony  as  any  party 
may  in  writing  request."  The  master  heard  the  parties 
and  their  evidence  on  114  days  and  took  a  view  of  signs, 
billboards,  and  advertising  devices  in  different  sections 
of  the  Commonwealth,  traveling  approximately  1,000 
miles  with  counsel  for  that  purpose.  The  record  con- 
sists of  five  large  printed  volumes.  The  master  filed 
a  comprehensive  report  comprising  many  hundreds  of 
printed  pages.  The  plaintiffs  filed  78  numbered  objec- 
tions. After  receipt  of  the  copy  of  a  draft  of  the  mas- 
ter's report,  the  plaintiffs  filed  a  large  number  of  re- 
quests for  report  of  facts,  questions  of  law,  and  portions 
of  testimony,  covering  about  22  pages  of  the  record. 
They  then  filed  a  motion  that  the  report  be  recom- 
mitted to  the  master.  It  contained  many  divisions, 
referred  to  divers  of  their  objections,  and  requested  a 
report  of  evidence  concerning  numerous  findings,  and 
of  rulings.  The  motion  was  accompanied  by  a  con- 
siderable number  of  requests  for  rulings  of  law. 

Decree  wras  entered  that  this  motion  to  recommit  be 
"granted  as  matter  of  discretion,  without  ruling  upon 
any  question  of  law."  Pursuant  to  this  decree  further 
hearings  were  held  by  the  master  and  a  supplemental 
report  filed.  The  plaintiffs  filed  objections  filling  ap- 
proximately 240  pages  of  the  record.  They  filed  a 
second  motion  to  recommit  the  case  to  the  master, 
together  with  many  requests  for  rulings.  From  an 
interlocutory  decree  denying  this  motion  as  a  matter  of 
discretion  without  any  rulings  of  law,  the  plaintiffs 
appealed.  The  defendants  moved  to  confirm  the  mas- 
ter's reports  and  to  enter  final  decrees  and  the  case  was 
reserved  for  determination  by  the  full  court. 

The  master  found  that  the  estimated  market  value  as 
of  January  1,  1924,  of  the  combined  plants  of  the  plain- 
tiffs, including  outdoor  advertising  devices,  interests  in 
land,  structures,  equipment,  and  shops  was  $5,000,000. 
Full  compliance  with  the  rules  and  regulations  promul- 
gated would  have  required  the  removal  or  relocation  of 
75  to  90  percent  of  the  outdoor  advertising  signs  then 
existing  in  the  State. 


REGULATIONS  FOUND  TO  BE  A  JUSTIFIABLE  USE  OF  POLICE  POWER 

The  opinion  of  the  Supreme  Judicial  Court  of  Massa- 
chusetts in  which  it  is  held  that  the  plaintiffs  arc  not 
entitled  to  relief,  discusses  the  various  points  al  issue 
at  some  length. 

The  constitutional  right  asserted  by  the  plaint  ill's  to 
conduct  outdoor  advertising  without  interference  by 
the  enforcement  of  rules  and  regulations  was  denied. 
The  only  real  value  of  a  sign  or  billboard  lies  in  its 
proximity  to  the  public  thoroughfare  within  public 
view.  The  object  of  outdoor  advertising  in  the  nature 
of  things  is  to  proclaim  to  those  who  travel  on  highways 
that  which  is  on  the  advertising.  It  does  not  appeal 
alone  to  the  desire  or  consent  of  such  persons;  it  is 
forcibly  thrust  upon  the  attention  of  all  such  persons, 
whether  willing  or  averse.  For  those  who  strongly 
wish  to  avoid  advertising  there  is  no  escape;  they  cannol 
enjoy  their  natural  and  ordinary  rights  to  proceed  un- 
molested. It  is  illusory  to  suggest  that  a  traveler  may 
close  his  eyes  and  mind  to  the  advertising  matter  dis- 
played. One  cannot  well  travel  upon  the  highw  ay 
with  any  enjoyment  or  with  safety  to  himself  or  others 
with  his  eyes  shut. 

The  rules  and  regulations  as  promulgated,  although 
they  operate  as  a  severe  limitation  upon  the  business  of 
the  plani tiffs,  are  found  to  be  justified  as  a  police  meas- 
ure for  protection  of  travel.  Advertising  devices  on 
private  land  manifestly  are  designed  to  attract  the 
attention  of  motorists.  The  opinion  of  the  executive 
head  of  the  department  of  public  works  that  billboards 
have  a  distractive  effect  upon  the  drivers  of  automobiles 
and  that  they  constitute  traffic  hazards  except  in  busi- 
ness sections  was  considered  as  entitled  to  weight.  The 
danger  arising  from  the  operation  of  automobiles  is 
very  great.  The  toll  of  life  and  suffering  of  human 
beings  exacted  by  this  cause  is  appalling.  Rules  and 
regulations  of  advertising  devices,  even  to  the  extent  of 
prohibition,  having  a  reasonable  tendency  to  prevent 
obstructions  to  traffic  or  to  facilitate  safety  of  travel 
are  permissible. 

Another  basis  for  the  rules  and  regulations  is  that 
they'  tend  to  protect  travelers  from  the  intrusion  of  the 
public  announcements  thrust  before  their  eyes  by  siirns 
and  billboards.  The  people  of  the  State  by  the  adopt  ion 
of  the  constitutional  amendment  and  subsequent  legis- 
lation have  declared  that  signs  and  billboards  within 
public  view  may  be  regulated  and  restricted.  ( >ne  per- 
missible and  reasonable  ground  for  such  regulation  is 
that  travelers  may  be  free  from  annoyance.  This  i-  nol 
a  mere  matter  of  banishing  that  which  in  appearance 
may  be  disagreeable  to  some.  It  is  protection  agaii 
intrusion  by  foisting  words  and  emblems  of  signs  and 
billboards  upon  the  mass  of  the  public  against  their 
desire.  To  adjust  the  conflicting  interests  of  the  public 
and  of  the  individual  is  a  proper  legislative  function. 

PRESERVATION  OF  SCENIC  BEAUTY  SUFFICIENT  BASIS  FOB 
REGULATION 

It  was  urged  by  the  plaint  ill's  that  the  rules  and  regu- 
lations, SO  far  as  they  relate  to  the  preservation  of 
scenic  beauty  and  the  exercise  of  taste  and  fitness  in  the 
location  of  billboards,  are  void  because  they  res!  on 
aesthetic  considerations.  Massachusel  ts  decisions  u  ere 
cited  in  which  it  was  held  "  t  hat  aesthetic  considerations 
alone  or  as  the  main  end  do  not  afford  sufficient  founda- 
tion for  imposing  limitations  upon  the  use  of  property 
under  the  police  power."  The  phrase  '■aesthetic  con- 
siderations", in  the  opinion  of  the  court  ha-  commonly 
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been  applied  to  regulations  as  to  the  character,  form 
and  appearance  of  constructions  to  be  erected.  The 
rules  and  regulations  in  question  have  a  different  aim. 
They  are  designed  to  promote  safety  of  travel,  to  shield 
travelers  from  the  unwelcome  obtrusion  of  business  ap- 
peals, to  protect  property  from  depreciation  and  to 
make  the  commonwealth  attractive  to  visitors  from 
other  States.  Grandeur  and  beauty  of  scenery  con- 
tribute highly  important  factors  to  the  public  welfare 
of  a  State.  To  preserve  such  landscape  from  deface- 
ment promotes  the  public  welfare  and  is  a  public 
purpose.  It  is  held  that  "Even  if  the  rules  and  regula- 
tions of  billboards  and  other  advertising  devices  did 
not  rest  upon  the  safety  of  public  travel  and  the  pro- 
motion of  the  comfort  of  travelers  by  exclusion  of 
undesired  intrusion,  we  think  that  the  preservation  of 
scenic  beauty  and  places  of  historical  interest  would  be 
a  sufficient  support  for  them.  Considerations  of  taste 
and  fitness  may  be  a  proper  basis  for  action  in  granting 
and  in  denying  permits  for  locations  for  advertising 
devices. " 

REGULATION  DOES  NOT  VIOLATE  CONSTITUTIONAL  RIGHTS 

With  regard  to  the  contention  that  the  rules  and 
regulations  prohibit  rather  than  regulate  the  business 
of  outdoor  advertising  the  court  says: 

If,  however,  it  be  assumed  in  favor  of  the  plaintiffs  that  their 
business  on  the  lines  heretofore  conducted  will  not  be  profitable 


when  conducted  in  conformity  to  the  regulations,  that  does  not, 
in  all  the  conditions  disclosed,  entitle  them  to  relief.  The  prac- 
tical operation  and  effect  of  a  statute,  bylaw,  or  ordinance  is 
sometimes  an  important  factor  in  determining  its  constitution- 
ality. *  *  The  scope  of  that  principle,  however,  is  much 
narrowed  when  the  subject  matter  is  indubitably  within  legislative 
competency.  The  power  to  regulate  outdoor  advertising  on 
private  land  within  public  view  is  established  by  article  50. 
The  circumstance  that  the  practical  effect  of  the  regulations  may 
render  the  business  as  heretofore  conducted  by  the  plaintiffs 
unprofitable  does  not  brand  the  regulations  as  invalid. 

It  was  contended  by  the  plaintiffs  that  the  rules  and 
regulations  as  interpreted  and  applied  violated  the 
rights  guaranteed  by  the  fourteenth  amendment  to  the 
Constitution  of  the  United  States  in  that  they  are  de- 
prived of  their  property  without  due  process  of  law  and 
are  denied  the  equal  protection  of  the  laws.  In  ex- 
pressing the  opinion  that  this  contention  cannot  be 
sustained  the  court  says: 

It  must,  in  our  opinion  be  regarded  as  settled  by  these  decisions 
of  the  Supreme  Court  of  the  United  States  that  billboard  and 
like  advertising  devices  upon  private  property  have  such  demon- 
strated potentialities  for  harm  to  the  general  welfare  that  they 
may  be  prohibited  in  certain  localities  by  public  authority. 
The  principle  has  become  so  thoroughly  established  that  bill- 
boards are  mentioned  as  illustrations  of  an  appropriate  subject 
for  regulation  and  restriction.  Advertising  devices  such  as 
those  of  the  plaintiffs  relate  to  the  promotion  of  trade  and  com- 
merce. The  exclusion  of  them  from  regions  of  natural  scenic 
beauty  and  historic  interest  does  not  exceed  the  reasonable 
bounds  of  the  police  power.  The  circumstance  that  in  the  cases 
at  bar  there  have  been  few  instances  where  billboards  have  been 
used  to  the  public  harm  by  the  evil-minded  is  not  decisive. 


(Continued  from  p.  6) 

cooperatively  by  the  Iowa  State  Commission  and  the 
Iowa  Federal  Emergency  Relief  Administration.  We 
expect  to  have  the  assistance  of  the  best  judgment  of 
the  commission's  own  district  and  other  engineers  and 
to  use  mortality  type  curves,  about  as  explained  above, 
to  aid  in  applying  their  judgments  and  our  own. 

INVESTIGATION  OF  THE  ACTUAL  SERVICE  LIVES  OF  RURAL  HIGHWAY 
PAVEMENTS  INAUGURATED 

The  author  is  much  gratified  to  be  able  to  announce 
the  immediate  start  of  active  work  in  a  cooperative 
project  of  the  United  States  Bureau  of  Public  Roads 
and  the  Iowa  Engineering  Experiment  Station  for  the 


collection,  study  and  publication  of  extensive  data  of 
the  actual  service  lives  of  rural  highway  surfaces  of 
various  types  in  several  States.  It  was  the  original 
plan  that  this  should  be  a  joint  project  of  the  United 
States  Bureau  of  Public  Roads  and  the  Highway 
Research  Board.  Some  technical  difficulties  have 
made  the  other  set-up  necessary,  but  the  director  of  the 
board  has  promised  his  active  assistance  and  the  sub- 
committee on  pavement  mortality  of  the  board's 
committee  on  transportation  economics  will  be  asked 
to  participate  actively  in  planning  and  guiding  the 
work.  Cooperation  is  sought  from  highway  commission 
and  other  highway  officials  and  engineers  in  the  several 
States. 
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SOME  CHARACTERISTICS  OF  TRAFFIC  ON 
NEW  JERSEY  HIGHWAYS 

EXTRACTS  FROM  A  REPORT  ON  THE  NEW  JERSEY  TRAFFIC  SURVEY » 

Reported  by  L.  E.  PEABODY,  Senior  Highway  Economist,  Division  of  Highway  Transport,  Bureau  of  Public  Roads 


Collecting   Data   ox    Characteristics  of  Truck   Traffic 


FIELD  observations  in  the  New  Jersey  traffic  survey 
were  carried  on  at  352  observation  stations  located 
over  the  entire  State  highway  system  and  on  the 
principal  county  routes.  Observations  were  made  from 
August  1932  to  August  1933.  Traffic  data  were  recorded 
upon  more  than  1 ,000  sections  of  highway  at  the  stations 
with  locations  as  shown  in  figure  1. 

Traffic  volumes  of  all  motor  vehicles,  and  of  trucks, 
busses,  and  foreign  vehicles  are  presented  graphically 
in  figures  2,  3,  4,  and  5.  Passenger  cars  were  86  percent 
of  all  observed  vehicles,  trucks  12  percent,  and  busses 
2  percent.  Heaviest  traffic  volumes  were  at  the  Holland 
Tunnel,  Camden-Philadelphia  Bridge,  the  High-Level 
Viaduct  between  Newark  and  Jersey  City  and  on 
U  S  1  southeast  of  Elizabeth.  Average  daily  traffic 
exceeded  25,000  vehicles  at  all  these  locations,  while 
west  of  Montclair  on  the  Montclair-Caldwell  Highway 
and  west  of  Jersey  City  on  the  Newark  Turnpike  there 
were  between  24,000  and  25,000  vehicles  per  day. 

HEAVY  PEAK  TRAFFIC  FOUND  ON  A  NUMBER  OF  ROUTES 

Peak  traffic  exceeded  50,000  vehicles  per  day  on  the 
Philadelphia-Camden  Bridge  and  was  more  than 
40,000  per  day  at  other  locations.  Routes  leading  to 
shore  resorts  had  the  highest  ratios  of  maximum  daily 
traffic  to  average  daily  traffic.  Near  Weymouth  on  N  -I 
42,  the  ratio  exceeded  700  percent  and  ratios  in  excess 
of  ."00  percent  were  found  southeast  of  Cedar  Bridge 
on  N  J  S-40  toward  Long  Beach  and  on  a  county  route 
connecting  with  Atlantic  Highlands  southwesl  of  New 
Monmouth.  These  ratios  are  of  special  significance  in 
considering  pavement  width  and  right-of-way  width  re- 
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quirements.  Eighty-four  sections  of  highway  through- 
out the  State  were  found  with  ratios  of  peak  to  average 
traffic  in  excess  of  300  percent. 

The  heaviest  traffic  volume  was  on  U  S  1  between 
Trenton  and  the  Holland  Tunnel  which  averaged  more 
than  16,000  vehicles  per  day  throughout  its  length. 
Other  routes  with  average  volumes  greater  than  5,000 
per  day  include:  N  J  4,  George  Washington  Bridge  to 
Paterson;  county  road,  West  Caldwell  to  Belleville  to 
Jersey  City;  county  road,  N  J  S-l,  N  J  6,  and  N  J  9-W, 
Bayonne  to  Coxiesville  to  Alpine  to  the  New  York 
State  line;  U  S  9-W  and  county  road,  Hoboken  to  Leo- 
nia  to  New  York  State  line;  N  J  5-N  and  24,  Mount 
Tabor  to  Morristown  to  Newark;  N  J  29,  Hillside  to 
Somerville;  U  S  22,  Elizabeth  to  Somerville  to  Phillips- 
burg;  county  road,  East  Rutherford  to  Paterson  to 
Pompton  to  Lakeside;  \  .1  27,  Trenton  to  .Newark ; 
N  J  35,  South  Amboy  to  Point  Pleasant  to  Lakewood; 
N  J  2,  Harrison  to  the  New  York  State  line;  U  S  30  and 
county  road,  Camden  to  Atlantic  City;  X  -1  S-41, 
Berlin  to  Palmyra;  N  J  6  and  S  t>,  Fort  Lee  to  Paterson 
to  Delaware;  county  road  between  Fort  Lee  and  junc- 
tion with  N  .1  6  wesl  of  Bogota ;  N  -I  25,  New  Brunswick 
to  Bordentown  to  Camden;  U  S  L30,  Bordentown  to 
Trenton;  N  J  42  and  county  road,  Camden  to  Atlantic 
( 'ity;  N  J  23  and  8  -N  and  county  road,  Newark  to  .New- 
York  State  line;  a  total  of  20  sections  or  675  miles  of 
highway.  There  are  over  1,000  trucks  per  day  on  4  of 
these  routes,  with  the  largest  average,  2,690  trucks  per 


1  The  full  report  prepared  by  the  Bureau  has  been  submitted  to  the  New  Jersey 
It  ite  Highway  Department  and  will  not  be  published  or  distributed  by  the  Bureau 
of  Public  Boa. Is. 
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Figure 


1. — Location  of  Traffic  Survey  Stations  on  State  and  Important  County  Highways. 
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Figure.2.— Average'Daily  Motor  Vehicle  Traffic  on  State  and  Important  County  Highways. 
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Figure  3. —  Average  Daily  Density  of  Foreign  Vehicle  Traffic  on  State  and  Important  County  Highways. 
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Trucks  of  MorIthaI  ?vT  °r  M°T°R  TkUCtK  TbaFFIC  on  State  and  Important  County  Highways.     Number  of 
Show  oNLy  for  tZ  LI?  Capacity  are  Indicated  by  Sou,,  Black  Within  the  Truck  Flow  Band,  and  are 
SectTons  of Highw?^ WtS  rS  where  Detailed  Information  was  Obtained  in  the  Field.     Truck   Capacit! 
are  Frequent  Closely  Built  Urban  Areas  are  not  Shown  where  Intersections  with  Cross  Routes 
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day,  on  U  S  1  between  the  High -Level  Viaduct  and 
Trenton. 

Figure  2  shows  the  average  daily  traffic  on  State  and 
important  county  highways. 

Traffic  volume  was  greatest  in  August — about  132 
percent  of  that  of  the  average  month.  Foreign  traffic 
varied  more  widely  than  local  traffic,  the  range  being 
from  52  to  177  percent  of  that  of  the  average  month. 
Local  traffic  varied  from  a  low  of  77  percent  in  February 
to  a  high  of  122  percent  in  each  of  the  3  months  of  June, 
July,  and  August. 

Foreign  traffic  had  a  large  daily  variation  from  a  low 
of  94  percent  of  the  average  on  Tuesdays  and  Thursdays 
to  a  maximum  of  206  percent  on  Sundays,  as  compared 
with  a  range  of  92  to  122  percent  for  local  traffic. 

NEW    JERSEY    HIGHWAYS    CARRY    A    LARGE    VOLUME    OF 
FOREIGN  TRAFFIC 

The  average  daily  traffic  density  of  foreign  vehicles  is 
shown  in  figure  3.  Foreign  vehicles  averaged  18  per- 
cent of  all  observed  vehicles.  Nearly  one-half  (46 
percent)  of  foreign  vehicles  were  from  New  York, 
41  percent  from  Pennsylvania,  and  not  quite  13  percent 
were  from  other  States.  They  follow  well-known  State 
and  county  highways  and  are  most  prominent  on  cross- 
State  routes.  Their  volume  has  no  fixed  relation  to 
total  traffic.  For  example,  U  S  9-W  from  Jersey  City 
to  the  northern  New  Jersey  State  line  had  a  traffic 
of  11,821  vehicles  per  day,  of  which  26  percent  was 
foreign,  while  the  county  road  from  West  Caldwell  to 
Jersey  City — a  direct  connection  from  N  J  6  to  the 
latter  city,  though  comparatively  unknown  to  tourists — 
had  practically  the  same  traffic  volume,  and  a  per- 
centage of  foreign  traffic  of  but  13.  Similarly,  U  S  30 
from  Camden  to  Atlantic  City,  N  J  6  and  S  6  from 
Fort  Lee  to  the  Delaware  line,  each  with  an  average 
traffic  practically  equal  to  that  of  N  J  35  from  South 
Amboy  to  Lakewood,  carried  44  and  22  percent  of 
foreign  traffic  as  against  10  percent  on  N  J  35. 

THROUGH  ROUTES  CARRY  LARGE  VOLUME  OF  TRUCK  TRAFFIC 

The  average  daily  density  of  motor  truck  traffic  is 
shown  in  figure  4.  Truck  traffic  in  New  Jersey  was  12 
percent  of  all  motor  traffic,  although  there  was  consid- 
erable variation  in  the  percentages  on  different  routes. 
For  example,  on  the  Pennsylvania  Railroad  ferries  at 
Camden  trucks  were  more  than  one-half  of  all  traffic 
and  on  the  Reading  ferries,  44  percent.  The  heaviest 
truck  traffic  was  found  on  U  S  1,  exceeding  1,200  trucks 
per  day  at  all  points  except  the  by-pass  around  New 
Brunswick. 

Figure  5  shows  the  average  daily  density  of  motor 
bus  traffic. 

INTENSIVE  USE  MADE  OF  STATE  SYSTEM 

The  average  daily  traffic  on  the  New  Jersey  State 
highway  system  was  4,659,  of  which  3,996  were  passen- 
ger vehicles.  This  represents  an  annual  use  of  the  State 
system  of  2,609  million  vehicle-miles,  or  approximately 
81  percent  of  the  annual  use  of  the  Michigan  trunk 
lines,  although  average  use  per  mile  in  New  Jersey  is 
approximately  four  times  that  in  Michigan. 

Use  per  mile  of  the  State  system  was  greatest  in 
Hudson,  Union,  Bergen,  Camden,  and  Middlesex 
Counties — listed  in  order  of  magnitude.  The  average 
daily  traffic  was  in  excess  of  8,000  vehicles  in  all  five 
counties,  with  an  average  of  16,608  vehicles  daily  on 
State  highways  in  Hudson  County.  Population  per 
square  mile  is  heaviest  in  these  counties  and  follows  the 


same  order  as  the  use  of  the  highways.  Hudson  County 
has  16,063  persons  per  square  mile  and  all  of  these 
counties,  except  Middlesex,  have  more  than  1,000  per- 
sons per  square  mile.  Average  daily  traffic  was  least 
in  Cape  May,  Salem,  and  Sussex  Counties,  but  in  none 
of  these  does  average  traffic  on  State  highways  drop 
below  1,600  per  day,  indicating  that  even  in  counties  of 
relatively  light  population  density,  usage  of  State  high- 
ways is  relatively  high. 

Foreign  passenger  cars  constitute  a  much  higher  per- 
centage of  the  total  traffic  on  the  New  Jersey  State 
highway  system  than  they  do  in  many  other  eastern 
States.  For  the  whole  State  of  New  Jersey  the  per- 
centage of  highway  use  by  foreign  passenger  cars  was 
24.3,  as  compared  with  10.2  percent  in  Ohio  and  10.8 
in  Michigan.  This  percentage  is  exceeded  in  several  of 
the  western  States,  but  foreign  passenger-car-miles  in 
all  such  States  are  less  than  one-third  of  the  amount  in 
New  Jersey. 

Similar  data  were  obtained  on  a  portion  of  the  county 
highways  of  New  Jersey,  but  since  only  the  important 
county  routes  were  included  in  the  survey,  a  direct 
comparison  between  State  and  county  routes  would  be 
inaccurate.  Although  the  coverage  of  county  roads 
was  incomplete  some  of  the  proportions  are  worth 
noting.  Foreign  passenger  vehicles  constituted  12  per- 
cent of  the  passenger  vehicles  on  county  roads,  less 
than  half  the  percentage  found  on  the  State  system. 
A  comparison  of  the  density  of  passenger  vehicle  traffic 
on  State  and  county  roads  in  certain  of  the  counties 
indicates  the  importance  of  certain  county  routes.  In 
Essex  County  the  figures  are  4,838  passenger  vehicles 
daily  on  State  highways,  and  5,987  on  county  roads. 
In  Hudson,  Monmouth,  Passaic,  and  Salem  Counties 
the  averages  for  the  county  roads  are  close  to  those  for 
the  State  highways. 

Use  of  the  State  system  by  passenger  cars  originat- 
ing in  local  and  adjacent  counties  was  71.8  percent  of 
the  total  use  in  Essex,  Hudson,  Union,  Passaic,  Morris, 
and  Bergen  Counties,  and  averaged  51.8  percent  in  the 
remainder  of  the  State.  Despite  the  large  volumes  of 
foreign  traffic  that  pour  through  these  counties,  which 
are  in  the  New  York  metropolitan  area,  the  local  use 
of  the  State  system  was  nearly  40  percent  more  than  in 
the  rest  of  the  State. 

In  the  resort  counties  of  Atlantic,  Cape  May,  and 
Warren  the  percentage  of  use  of  the  State  system  by 
foreign  cars  was  40.7,  as  compared  with  22.7  percent 
for  the  remainder  of  the  State.  The  significance  of 
such  foreign  use  is  greatly  increased  when  it  is  noted 
that  both  Atlantic  and  Cape  May  Counties  are  removed 
from  adjacent  States  and  that  all  foreign  cars  must  pass 
through  other  counties  to  reach  these  two.  Nearby  43 
percent  of  the  total  travel  in  these  two  counties  was  by 
foreign  cars.  Warren  County  is  adjacent  to  Pennsyl- 
vania and  so  receives  large  numbers  of  local  trips  by 
passenger  cars  with  foreign  plates. 

Monmouth,  Ocean,  and  Sussex  are  largely  resort 
counties  and  are  much  more  heavily  patronized  by  New 
Jersey  residents  than  by  those  from  other  States.  The 
proportion  of  passenger  car  use  of  the  State  system  in 
these  three  counties  by  residents  of  nonadjacent  coun- 
ties was  35.4  percent,  as  compared  with  14.2  percent 
for  the  remainder  of  the  State. 

ORIGIN    AND   DESTINATION   OF   TRAFFIC   AT   PRINCIPAL  STATE 
OUTLETS  STUDIED 

Nearly  125,000  motor  vehicles  entered  or  left  New 
Jersey  each  day  by  way  of  15  principal  river  crossings. 
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Figure  5.— Average  Daily  Density  of  Motor  Bus  Traffic  ox  State  and  Important  County  Highways. 
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Figure  6. — Traffic  Originating  or  Terminating  in  New 
Jersey  and  Through  Traffic  Using  Hudson  and  Dela- 
ware River  Crossings. 


About  47,000  crossed  the  Hudson  River  on  the  George 
Washington  Bridge,  the  Holland  Tunnel,  or  the  Alpine- 
Yonkers  Ferry,  and  nearly  78,000  crossed  the  Delaware 
River  at  12  points.  Twenty-nine  percent  of  the  cars 
which  crossed  the  Hudson  represented  through  traffic, 
originating  at  points  outside  of  New  Jersey  and  passing 
through  the  State  without  stop-over.  In  contrast  only 
9  percent  of  the  vehicles  crossing  the  Delaware  passed 
through  New  Jersey  without  stopping,  and  91  percent 
either  stopped  or  started  in  New  Jersey. 

The  location  of  each  crossing,  together  with  the 
amounts  of  through  traffic  and  New  Jersey  traffic,  are 
shown  in  figure  6.  The  total  length  of  each  bar  repre- 
sents the  relative  part  of  total  traffic  using  the  crossing, 
while  the  black  portion  represents  New  Jersey  traffic 
and  the  white  portion  through  traffic.  Traffic  through 
the  Holland  Tunnel  was  greater  than  that  at  any  other 
crossing  in  respect  to  both  total  and  through  traffic. 
The  George  Washington  Bridge,  although  carrying 
only  a  little  more  than  half  the  total  traffic  volume  of 
the  Holland  Tunnel,  had  almost  as  much  through 
traffic  as  the  latter. 

Relatively  more  New  Jersey  traffic  crossed  the  Cam- 
den-Philadelphia Bridge  than  at  any  other  crossing, 
but  through  traffic  was  comparatively  unimportant  at 
this  crossing.  Traffic  at  the  Phillipsburg-Easton 
Bridge  was  greater  in  volume  than  that  at  the  George 
Washington  Bridge  but  was  almost  entirely  local — 80 
percent  of  it  either  originated  or  terminated  in  the 
county  in  which  the  crossing  is  located,  and  only  8  per- 
cent, was  through  traffic.  The  Delaware-Portland 
Bridge  carried  42  percent  through  traffic,  a  greater  pro- 
portion than  any  other  crossing.  One-fourth  of  all 
vehicles  crossing  the  Trenton-Langhorne  Bridge  had 
both  termini  outside  New  Jersey,  and  one-sixth  of  all 
cars  crossing  the  Trenton-Morrisville  Bridge  were  of 
this  class.  Through  traffic  was  relatively  unimportant 
at  the  Columbia-Portland,  Burlington-Bristol,  and 
Palmyra-Philadelphia  Bridges,  at  both  railroad  ferries 
between  Camden  and  Philadelphia,  and  at  the  Bridge- 
port-Chester Ferry.  More  than  one-fourth  of  the 
traffic  over  the  Pennsville-New  Castle  Ferry  was 
through  traffic. 

The  relative  importance  of  the  contribution  of  each 
New  Jersey  locality  to  the  traffic  traversing  the  15 
principal  Hudson  and  Delaware  River  crossings  is 
given  in  detail  for  each  county  and  principal  city  in 
table  1.  This  information  is  also  presented  graphically 
in  figures  7  and  8,  in  which  the  areas  of  the  circles  are 
proportional  to  the  percentage  of  total  traffic  which 
originated  or  terminated  in  the  designated  cities  and 
counties.  The  greatest  percentage  of  this  traffic 
centered  in  Camden  County,  where  14  out  of  every 
hundred  vehicles  entering  or  leaving  New  Jersey  each 
day  by  way  of  these  principal  crossings  either  ended 
or  began  their  journeys.  Warren  County  was  the 
origin  or  destination  of  almost  12  percent  of  all  such 
traffic,  10  vehicles  out  of  the  12  representing  traffic  to 
or  from  Phillipsburg.  Mercer  County,  which  accounted 
for  10.5  percent  of  total  principal  river-crossing  traffic, 
is  third  in  importance  in  this  classification,  with 
Trenton  taking  more  than  90  percent  of  total  county 
traffic.  More  than  9  percent  of  total  river-crossing 
traffic  was  to  or  from  Essex  County,  with  Newark  alone 
taking  more  than  half  that  volume.  Atlantic  and  Hud- 
son Counties  each  accounted  for  more  than  6  percent  of 
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Areas  of  circles  are  proportional  to  percentage  of  total  traffic  originating  and 
terminating  In  designated  localities.  An  asterisk  indicates  localities  for  which 
traffic  was  less  than  0.1  percent.  Values  for  these  localities  are  Included  In 
general  county  total  wherever  possible.  No  traffic  was  reported  for  cities  or 
counties  on  left  bank.  Through  traffic,  neither  originating  nor  terminating  In 
New  Jersey,  Is  shown  only  In  the  table  above. 

Dally  average  number  of  vehicles  using  these  crossings,  124,277 


Number 

Percent 

Through  traffic 

20,  282 
103,995 

16.  3 

New  Jersey  traffic 

83.7 

Principal  counties: 

Camden 

17,495 

14,893 

13,056 

11,342 

8,000 

7,766 

6.186 

14.  1 

Warren 

12.0 

Mercer 

10.  5 

Essex 

9.  1 

Atlantic 

6.4 

Hudson 

6.  3 

Bergen 

5.0 

Total 

78,738 
25,257 

63.4 

Other  counties 

20.  3 

Figure  7.- 


-Areas  Served  by  Fifteen  Hudson  and  Delaware 
River  Crossings. 


the  total,  and  Bergen  County,  5  percent.  Traffic  of 
Burlington,  Gloucester,  Passaic,  and  Union  Counties 
each  furnished  between  2  and  4  percent  of  the  total; 
Monmouth,  Middlesex,  Morris,  Cumberland,  and  Capo 
May  Counties,  furnished  between  1  and  2  percent  each; 
and  Ocean,  Salem,  Hunterdon,  Somerset,  and  Sussex 
Counties  furnished  less  than  1  percent  each. 
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River  Crossings. 

traffic  from  principal  cities  of  new  jersey  to  state 
outlets  studied 

The  two  chief  factors  which  determined  the  route 
followed  by  traffic  between  outside  States  and  certain 
New  Jersey  cities,  by  way  of  the  principal  Hudson  and 
Delaware  River  crossings,  were  the  proximity  of  the 
crossing  to  the  city  and  the  general  nature  and  direction 
of  the  highways  which  connected  them.  The  flow  of 
average  daily  traffic  to  and  from  selected  cities,  shown  in 
table  2,  distinctly  indicates  this  tendency.  Figures  for 
the  8  cities  which  have  the  greatest  amount  of  traffic 
by  way  of  the  Hudson  and  Delaware  River  crossings 
here  considered,  are  arranged  in  the  general  order  of 
their  location.  The  first  4  cities  are  in  the  Hudson  River 
area,  the  next  3  on  the  Delaware,  and  the  last  on  the 
Atlantic  seaboard  in  the  southern  part  of  the  State. 
Within  the  Hudson  and  Delaware  River  groups,  the 
cities  are  arranged  from  north]* to  south,  Paterson  and 
Hackensack  being  north  of  Jersey  City  and  Newark, 
and  Phillipsburg,  Trenton,  and  Camden  at  about  equal 
intervals  from  north  to  south  on  the  Delaware,  while 
Atlantic  City  is  across  the  State  southeast  of  Camden. 

The  Holland  Tunnel  and  the  George  Washington 
Bridge  are  approximately  the'same  distance  from  Pater- 
son, but  the  highway  to  the  bridge  is  much  more  direct. 
Hence  almost  half  the  Paterson  traffic  by  way  of  Hud- 
son and  Delaware  River  crossings  passed  over  the 
George  Washington  Bridge  and  something  more  than 
a  third  through  the  Holland  Tunnel,  which  traffic, 
together  with  the  small  amount  crossing  on  the  Alpine- 
Yonkers  Ferry,  accounted  for  about  seven-eighths  of  the 
total.  Hackensack,  on  the  other  hand,  which  is  about 
twice  as  far  from  the  Holland  Tunnel  as  from  the  George 
Washington  Bridge,  and  is  connected  with  both  by 
equally  good  roads,  received  more  than  three-quarters 
of  its  river  crossing  traffic  over  the  George  Washington 
Bridge  and  about  one-fifth  through  the  Holland  Tunnel. 
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Table  1. — Daily  average  traffic  using  Hudson  and  Delaware  River 
crossings  analyzed  by  origin  or  destination 


Origin  or  destination 


Total- 


Through  traffic 

New  Jersey  traffic- 


Sussex  County,  total 

I'assaic  County: 

Clifton— 

Hawthorne 

Passaic 

Paterson 

Other    Passaic 
County 


Total. 


Bergen  County: 

Cliffside  Park 

Englewood 

Garfield — 

Hackensack 

Lodi 

Ridgefield  Park 

Ridgewood 

Rutherford 

Other    Bergen 
County... 


Total  . 


Warren  County: 

Phillipsburg - 

Other    Warren 
County 


Total - 


Morris  County: 

Dover 

Morristown 

Other    Morris 
County 


Total. 


Essex  County: 

Belleville 

Bloomfield 

East  Orange. 

Irvington 

Montclair 

Newark 

Nutley 

Orange 

South  Orange 

West  Orange 

Other  Essex  County 

Total.... 


Hudson  County: 

Bayonne 

Harrison— --. 

Hoboken _.. 

Jersey  City 

Kearny 

Union  City 

West  New  York 

Other    Hudson 
i  lounty— 


Total. 


Hunterdon    County 
total 

Somerset  County,  total-. 


Daily 
average 
number 
of  ve- 
hicles 


124, 277 


107 

41 

830 

1,622 

234 


2,894 


117 

933 

86 

1,735 

68 

97 

489 

498 

2,163 


6,186 


12.0S5 
2,808 


14,893 


209 
443 


748 


1,400 


11,342 


665 

136 
609 
5,035 
211 
456 
460 

191 

7, 766 


693 
375 


Per- 
cent of 

total 
traffic 


100.0 


16.3 

83.7 


.2 


.1 

(0 

.7 
1.3 

2.2 

2.3 


.1 
.8 

(') 
1.4 

(») 
.1 
.4 
.4 

2  1.8 

5.0 


9.7 
2.3 
12.0 


.6 
1.2 


189 

.1 

330 

.3 

755 

.6 

224 

.2 

1,108 

.9 

6,926 

5.6 

196 

.2 

382 

.3 

490 

.4 

188 

.1 

554 

.4 

.5 
.1 
.5 
4.0 
.2 
.4 
.4 


6.3 


Origin  or  destination 


Union  County: 

Elizabeth 

Linden 

Plainfield 

Rahway 

Roselle 

Summit 

Westfield .- 

Other  Union  County 

Total - 

Middlesex  County: 

Carteret 

New  Brunswick 

Perth  Amboy 

South  River 

Other   Middlesex 
County — 

Total -- 

Mercer  County: 

Trenton 

Other     Mercer 
County 

Total. — 

Monmouth  County: 

Asbury  Park 

Long  Branch 

Red  Bank 

Other  Monmouth 
County..- 

Total 

Burlington  County: 

Burlington 

Other  Burlington 
County 

Total-.-- -. 

Ocean  County,  total 

Camden  County: 

Camden 

Collingswood 

Gloucester 

Other  Camden 
County... 

Total 

Gloucester  County,  total 

Atlantic  County: 

Atlantic  City 

Pleasantville 

Other   Atlantic 
County 

Total. 

Salem  County,  total 

Cumberland  County: 

Bridgeton 

Millville 

Other    Cumberland 
County 

Total 

Cape  May  County,  total 


Daily 
average 
number 

of  ve- 


l.  179 
132 
565 
198 
79 
215 
208 
297 


2,873 


43 
644 
279 

49 

497 


1,512 


12, 192 


13,056 


715 
191 
212 


2,014 


657 

3,749 


4,406 


10,641 

1,  032 

607 

5.215 


17,  495 


4.024 


6,  396 

74 


1,530 


,01)0 


959 


442 
238 


611 


1,291 
1,344 


Per- 
cent 

of 
total 
traffic 


0.9 
.1 
.5 
.2 
(') 
.2 
.2 
.2 


2.3 


0) 

.5 
.2 

(') 

!.  5 


.5 
3.0 


3.5 


8.6 

.8 


4.2 
14.1 
3.2 


5.  1 


s  1.3 


6.4 
.8 


J-  1 
1.1 


1  Less  than  0.1  percent. 

'  Includes  cities  for  which  traffic  was  less  than  0. 1  percent. 

Since  the  Holland  Tunnel  emerges  in  Jersey  City,  it  is 
not  surprising  to  find  that  80  percent  of  the  Jersey  City 
river-crossing  traffic  passes  through  the  tunnel,  and 
about  13  percent  over  the  George  Washington  Bridge, 
which  is  the  second  nearest  principal  crossing.  New- 
ark's nearest  river  crossing  is  also  the  Holland  Tunnel 
and  is  connected  with  it  by  highly  improved  roads, 
with  the  result  that  74  percent  of  its  traffic  is  through 
l  lie  tunnel  and  11  percent  by  way  of  the  more  distant 
George  Washington  Bridge."  Hackensack  is  relatively 


near  the  George  Washington  Bridge  and  distant  from 
the  Holland  Tunnel  while  the  reverse  is  true  of  distances 
from  Newark  to  the  crossings.  In  both  cases  the 
percentages  of  traffic  using  the  near  and  far  crossings 
are  about  the  same.  Each  city  is  also  about  the  same 
distance  from  its  next  most  important  crossing,  but 
almost  twice  as  great  a  part  of  Hackensack's  total 
traffic  came  from  this  secondary  source.  The  greater 
importance  of  Newark  as  an  industrial  and  commercial 
center,  as  well  as  its  more  direct  accessibility  to  the 
principal  crossings  on  the  Delaware  River,  may  explain 
a  more  general  dispersion  of  its  traffic  with  outside 
States  than  was  found  in  the  case  of  any  other  of  the 
principal  cities.  Approximately  half  of  Newark's  daily 
traffic  from  river  crossings  other  than  the  Holland 
Tunnel,  came  over  the  Hudson  and  the  other  half  came 
over  Delaware  River  crossings. 

In  marked  contrast,  the  river-crossing  traffic  of 
Phillipsburg  was  confined  almost  exclusively  to  the 
Phillipsburg-Easton  Bridge.  Phillipsburg  is  not  one 
of  the  larger  cities  of  New  Jersey,  its  population  in 
1930  being  only  19,255.  Its  situation  directly  across 
the  Delaware  from  Easton,  Pa.,  which  is  about  twice 
as  large,  and  within  20  miles  of  Bethlehem  and  Allen- 
town,  Pa.,  both  of  which  are  of  considerable  importance 
industrially,  accounts  for  an  interchange  of  traffic  over 
this  principal  river  crossing  similar  to  the  shuttle-flow 
of  traffic  within  the  boundaries  of  a  large  city.  On  this 
account  it  is  necessary  to  discount  considerably  the 
apparent  importance  of  Phillipsburg  as  the  point  of 
origin  or  destination  of  a  volume  of  river-crossing  traffic 
which  was  exceeded  only  by  similar  traffic  at  Trenton. 
The  traffic  at  Trenton  is  over  its  two  important  bridges, 
with  13  other  crossings  contributing  small  amounts. 

As  already  indicated,  the  daily  river-crossing  traffic 
which  originated  or  terminated  at  Trenton,  averaging 
12,192  cars  a  day,  was  greater  than  that  of  any  other 
New  Jersey  city.  Although  Trenton  is  exceeded  in 
population  by  Paterson,  Newark,  and  Jersey  City,  it 
enjoys  a  unique  position  in  being  of  historical  interest, 
the  State  capital,  an  important  industrial  city,  and  it 
is  at  the  head  of  tidewater  navigation  on  the  Delaware 
River.  All  of  these  factors  contributed  in  varying 
proportion  to  its  out-of-State  traffic.  Ninety-three 
percent  of  this  traffic  either  entered  or  left  the  city  by 
way  of  its  two  bridges  across  the  Delaware,  about  3 
percent  crossed  the  Hudson,  and  the  remaining  4 
percent  used  the  other  10  Delaware  River  crossings. 

As  an  important  manufacturing  and  shipbuilding 
center  directly  across  the  Delaware  from  Philadelphia, 
and  within  the  metropolitan  area  of  Philadelphia, 
Camden  is  one  of  the  most  important  New  Jersey 
terminals  of  interstate  highway  traffic.  More  than  94 
percent  of  Camden's  traffic  which  came  by  way  of 
Hudson  or  Delaware  River  crossings  entered  or  left 
the  city  by  one  or  another  of  the  3  principal  crossings 
between  Camden  and  Philadelphia;  73  percent  of  such 
traffic  used  the  Delaware  River  Bridge;  and  the  traffic 
from  the  Pennsylvania  and  Reading  Railroad  ferries 
amounted  to  more  than  10  percent  each.  Almost  half 
the  remaining  Camden  traffic  crossed  the  Palmyra- 
Philadelphia  Bridge  in  going  to  or  coming  from  Phila- 
delphia, with  the  other  3  percent  unevenly  distributed 
among  all  other  principal  crossings. 

Atlantic  City  is  a  middle  Atlantic  beach  resort  of 
widespread  popularity.  The  daily  ebb  and  flow  of 
tourist  traffic  combined  with  the  supplementary  com- 
mercial traffic,  a  large  part  of  which  came  from  Phila- 
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Table  2. — Daily  average  traffic  which  originates  or  terminates  in  designated  cities  using  each  principal  Hudson  or  Delaware 

crossing 


Crossing 


Fifteen  crossings,  total 

Hudson  River  crossings: 

Holland  Tunnel 

George  Washington  Bridge. 
Alpine-Yonkers  Ferry 


Total. 


Delaware  River  crossings: 

Columbia-Portland  Bridge 

Delaware- Portland  Bridge 

Phillipsburg-Easton  Bridge 

Trenton-Langhorne  Bridge _. 

Trenton-Morrisville  Bridge. 

Burlington-Bristol  Bridge 

Palmyra-Philadelphia  Bridge 

Camden-Philadelphia  Bridge 

Camden-Philadelphia  Perry  (Pennsylvania 
Railroad) 

Camden-Philadelphia  Ferry  (Reading  Rail- 
road)  

Bridgeport-Chester  Ferry ... 

Pennsville-New  Castle  Ferry 


Total. 


Paterson 


Num- 
ber 
1,622 


582 

803 

23 


214 


Per- 
cent 
100.0 


35.9 

49.5 

1.4 


.6 

3.9 

4.5 

1.7 

1.6 

(') 

.1 

.3 


(>) 
.1 
.3 


13.2 


Hackensack 


Num- 
ber 
1,735 


332 

1.314 

30 


1,676 


(-) 


Per- 
cent 
100.0 


19.1 

75.8 

1.7 


« 


(') 


3.4 


Jersey  City 


Num- 
ber 
5,035 


4,048 
661 

24 


4,723 


312 


Per- 
cent 
100.0 


80.4 

12.9 

.5 


93.8 


.1 
1.5 
1.5 
1.2 
1.2 

0) 

(') 

.3 
0) 

(0 
.1 

.2 


6.2 


Newark 


Num- 
ber 
6,926 


5,131 
781 
36 


5,948 


15 
185 
246 
220 
215 
5 


978 


Pit- 
cent 
100.0 


74.1 

11.3 

.5 


85.9 


3.6 
3.2 

3.1 

(') 
(') 
.6 

(') 

(') 
.1 
.4 


Phillipsburg 


Xu  in  - 

ber 
12,085 


23 

4 
(2) 


55 

11,997 

1 

9 

(') 


14.1    12,0.58 


Pa- 
cent 
100.0 


(') 
0) 


.2 


(') 

.4 
99.3 
0) 
(■) 
(') 
(0 
(0 


Trenton 


Num- 
ber 
12, 192 


292 
56 
3 


351 


71 

78 

3,  317 

8, 048 

21 

'J  I 

207 

11 

10 
10 

12 


.8    11,841 


re- 
cent 

100.0 


2.4 
.5 
0) 


2.9 


(') 
.6 
.6 
27.4 
66.0 
.2 
.2 
1.7 

.1 


Camden 


Vtlantic 
City 


Num- 
ber 
10,611 


1 

15 

8 

6 

40 

61 

288 

7,815 

1,082 

1,  123 
53 
27 


Per- 
cent 
100.0 


(') 


(0 
.1 
.  1 

(') 
.  t 

.6 
2.7 
73.1 

10.2 

10.6 

.5 
.3 


her 
6, 396 


97.1    10,519       98.9      6,092 


25S 
11 
2 


(0 

13 

8 

:i 

12 

26 

754 

1,  577 

46 


226 
142 
285 


Per- 

cent 
100.  0 


(') 


I.  *• 


(') 

A 
11.8 

71.11 


3.  5 
2.2 

4.5 


95.2 


1  Less  than  0.1  percent. 

delphia,  explains  the  large  volume  of  daily  river-cross- 
ing traffic  to  and  from  this  city.  Almost  72  percent  of 
this  traffic  entered  or  left  New  Jersey  by  the  Delaware 
River  Bridge  at  Camden,  and  about  12  percent  by  the 
Palmyra-Philadelphia  Bridge.  The  Pennsville-New 
Castle  ferry,  the  southernmost  Delaware  River  crossing, 
carried  4.5  percent,  and  the  Holland  Tunnel  carried 
4  percent  of  such  traffic.  The  Reading  Railroad  ferry 
at  Camden  and  the  Bridgeport-Chester  ferry  in 
Gloucester  County,  were  the  only  other  crossings 
carrying  more  than  1  percent  of  the  Atlantic  City 
total  traffic,  with  all  other  crossings  contributing 
something  to  its  traffic. 

CHARACTERISTICS    OF    TRUCK    AND    BUS    TRAFFIC    DETERMINED 
FROM  SAMPLE  COUNT 

Trucks  and  busses  were  stopped  and  detailed  infor- 
mation relating  to  their  movement  was  recorded  at  78 
representative  points  throughout  the  State  and  at  reg- 
ular intervals  during  the  year.  Although  information 
regarding  only  a  part  of  total  traffic  was  obtained,  these 
sample  data  represented  an  average  cross-section  of 
truck  and  bus  traffic  in  New  Jersey  at  the  time  of  the 
survey.  Occasionally  all  the  required  information  was 
not  obtained  and  it  may  be  found  that  figures  for  ;i 
given  item  of  information  in  one  tabulation  differ 
slightly  from  those  for  the  same  item  in  another. 

The  following  data  relate  to  the  selected  sample  of 
traffic  passing  over  New  Jersey  highways  and  not  to 
the  actual  number  of  individual  vehicles  of  a  certain 
type.  For  example,  a  bus  making  several  trips  a  day 
wTould  be  counted  as  many  times  as  it  passed  an  occupied 
survey  station.  Statements  regarding  the  proportions 
of  various  classes  of  vehicles  refer  to  the  sample  of 
traffic  under  consideration,  without  taking  account  of 
the  number  of  times  an  individual  vehicle  may  be 
included  therein.  Thus,  while  it  is  correct  to  say  thai 
30  percent  of  Newr  Jersey  bus  traffic  consists  of  192!* 
model  busses,  this  does  not  mean  that  30  percent  of  the 
busses  in  New  Jersey  are  1929  models. 

In  the  total  sample,  comprising  207,025  vehicles,  there 
were  239,308  trucks  and  27,057  busses,  or  almost  9 
times  as  many  trucks  as  busses.     Approximately  53  per- 


Less  than  1  vehicle  a  day. 

cent  of  the  total  number  of  trucks  and  busses  operated 
in  the  northeast  section  of  the  State  adjacent  to  New 
York  City,  a  large  part  of  this  section  being  included 
within  the  New  York  metropolitan  area  in  New 
Jersey.  The  southwest  section  of  the  State,  including 
the  cities  of  Trenton  and  Camden  and  other  districts 
in  the  neighborhood  of  Philadelphia,  was  traversed  by 
about  22  percent  of  the  total  truck  and  bus  traffic  of 
the  State,  and  the  northwest  and  southeast  sections, 
by  about  10  and  15  percent,  respectively. 

Of  the  total  sample  of  truck  and  bus  traffic  throughout 
the  State,  trucks  represented  89.0  percent  and  busses 
10.4  percent.  In  the  northwest  section,  consisting  of 
Sussex,  Warren,  Hunterdon  and  Somerset  Counties, 
91.0  percent  of  the  combined  traffic  was  by  trucks, 
indicating  a  relatively  greater  transportation  of  com- 
modities than  passengers.  On  the  other  hand,  in  the 
southwest  section  which  is  traversed  by  a  large  part  of 
the  tourist  traffic  to  New  Jersey  beach  resorts,  busses 
represented  11.8  percent  of  the  combined  truck  and  bus 
traffic  of  the  section. 

TRUCKS  CLASSIFIED  ACCORDING  TO  OWNERSHIP 

Slightly  more  than  half  the  trucks  operafine;  over 
New  Jersey  highways  were  owned  by  business  organiza- 
tions located  in  cities  or  towns  of  2,500  inhabitants 
or  more.  Private  individuals  living  in  such  urban 
areas  owned  39  out  of  every  Kin  observed  truck-. 
Trucks  owned  by  persons  living  in  rural  districts  or  on 
farms  represented  less  than  ID  percent  of  the  truck 
traffic,  and  trucks  owned  by  governmental  agencies 
represented  only  a  little  more  than  1  percent.  Table 
3  shows  the  classification  of  trucks  observed  according 
to  ownership. 

The  greater  part  of  the  northeast  section  of  New 
Jersey  is  included  within  the  New  York  metropolitan 
area."  In  this  section  trucks  owned  by  city  companies 
constituted  a  higher  percentage  than  in  any  other  part 
of  the  State.  City  companies  owned  about  57  out  of 
each  100  trucks  operating  in  this  area.  The  companies 
were  principally  manufacturing  and  business  organiza- 
tions located  within  this  district,  but  many  I  rucks  owned 
bv  New  York  firms  as  well  as  a  smaller  number  owned 
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Table  3. —  Trucks   observed  on   New  Jersey  highways,  classified 
according  to  ownership 


Class  of 

ownership 

Number 

Percent 

2",'.),  368 

100.0 

22,515 

9.4 

214, 228 

Si).  5 

121,463 
92, 765 

50.7 

38.8 

2,625 

1.1 

by  establishments  in  Philadelphia  and  other  cities 
were  observed.  Individuals  living  in  northeastern  New 
Jersey  cities  owned  36  percent  of  the  trucks  in  the  traffic 
sample,  and  were  principally  engaged  in  small  businesses. 
Farm-owned  trucks  constituted  about  7  percent  of 
trucks  operating  in  this  area  which  has  fewer  farms 
than  any  other  section  of  the  State. 

The  northwest  section  of  the  State  is  largely  a  farming 
district,  and  its  percentage  of  fanmowned  trucks  was 
almost  twice  as  great  as  that  of  the  northeast  section. 
But  even  in  this  more  rural  district,  86  percent  of 
observed  trucks  were  city-owned. 

The  proportion  of  city-owned  trucks  operating  in 
southeastern  New  Jersey  was  only  slightly  higher  than 
that  in  the  northwest  section  of  the  State,  but  there 
was  a  preponderance  of  company-owned  trucks,  which 
comprised  almost  48  percent  of  truck  traffic  in  this 
section.  About  40  percent  were  privately  owned. 
Although  there  are  many  business  and  industrial  estab- 
lishments in  this  district,  the  prevalence  of  company- 
owned  trucks  on  its  highways  was  partly  due  to  the 
operation  of  trucks  owned  by  large  supply  houses  in 
New  York  City,  Pliiladelphia,  Camden,  and  other  cities 
engaged  in  trucking  to  coast  resorts.  The  farming  in- 
dustry is  of  considerable  importance  in  this  district  and 
11  percent  of  the  trucks  operating  in  this  section  were 
farm-owned. 

The  extensive  rural  areas  in  Burlington,  Gloucester, 
and  Salem  Counties  accounted  for  a  large  part  of  the 
14  out  of  each  100  trucks  operating  in  southwestern 
New  Jersey  which  were  farm-owned.  This  section  had 
the  smallest  proportion  of  city-owned  trucks,  84  percent 
being  of  this  class,  and  these  were  almost  evenly  divided 
between  company  and  private  ownership. 

OWNER-OPERATED  TRUCKS  MAKE  UP  GREATER  PORTION  OF 
TRUCK  TRAFFIC 

There  are  three  principal  classes  of  truck  operation, 
if  the  small  number  of  Government-operated  trucks  is 
included  in  the  owner-operated  class.  The  owner- 
operated  class  includes  those  trucks,  whether  of  com- 
pany, private,  farm  or  Government  ownership,  which 
are  operated  by  their  owners  either  personally  or  by 
their  employees  in  the  business  of  the  owner.  Trucks 
operated  as  contract  haulers  are  engaged  in  the  busi- 
ness of  trucking  for  others  for  hire,  trips  being  made 
when  and  where  desired  at  rates  agreed  upon  by  the 
contracting  parties.  Trucks  operated  as  common  car- 
riers follow  established  routes  between  definite  points, 
operate  on  a  regular  schedule,  and  charge  standard 
published  rates.  Throughout  the  entire  State,  owner- 
operated  trucks  constituted  79  percent  of  the  sample 
count,  contract-hauler  trucks  17.7  percent,  common- 
carrier  trucks  2.2  percent,  and  Government-operated 
trucks  1.1  percent. 

Of  the  total  volume  of  truck  traffic  included  in  the 
sample,  almost  two-thirds  is  State  and  a  little  more 


than  one-third  interstate  traffic.  This  means  that 
about  66  out  of  each  100  trucks  have  both  their  origin 
and  destination  within  the  State.  In  the  northwest 
section  of  the  State  42  percent  of  trucks  were  found  to 
be  operating  in  interstate  traffic.  This  section  of  New 
Jersey  lies  in  the  path  of  traffic  en  route  from  central 
and  western  Pennsylvania  to  points  in  New  Jersey, 
upper  New  York,  or  the  New  England  States,  and  truck 
traffic  between  New  York  City  and  points  in  northern 
Pennsylvania,  or  beyond,  also  passes  through  this 
section.  Only  about  16  percent  of  trucks  operating 
in  the  southeast  section  of  New  Jersey  are  engaged  in 
interstate  traffic. 

Another  analysis  of  the  figures  relating  to  trucks 
engaged  in  State  and  interstate  traffic,  according  to 
class  of  truck  operation,  is  given  in  table  4,  and  is  also 
presented  graphically  in  figure  9.  In  general,  contract- 
hauler  and  common-carrier  trucks  operated  more  fre- 
quently in  interstate  traffic  than  did  owner-operated 
trucks.  This  classification  shows  that  72.5  percent  of 
owner-operated  trucks  were  engaged  in  State  traffic  and 
that  only  27.5  percent  went  outside  of  New  Jersey. 
Among  both  contract-hauler  and  common-carrier 
trucks,  only  about  one-third  were'engaged  in  State  and 
two-thirds  in  interstate  operation.  Of  the  few  Govern- 
ment-operated trucks  recorded,  90  percent  travel 
within  the  State  and  10  percent  between  States. 

Table  4. — Slate  and  interstate  traffic  by  class  of  truck  operation 


Total  traffic 

State  traffic 

Interstate  traffic 

Class  of  operation 

Number 
of  trucks 

Per- 
cent i 

Number 
of  trucks 

Per- 
cent2 

Number 
of  trucks 

Per- 
cent » 

All  classes,  total.. 

239, 368 

100.0 

156, 732 

65.5 

82, 636 

34.5 

Owner  operator 

189, 159 

42,  278 

5,273 

2,658 

79.0 

17.7 

2.2 

1.1 

137, 152 

15, 474 

1,715 

2,391 

72.5 
36.6 
32.5 
90.0 

52, 007 

26, 804 

3,558 

267 

27.5 

Contract  hauler 

Common  carrier 

Government  operation .. 

63.4 
67.5 
10.0 

1  Percent  of  all  classes  of  operation,  total. 

2  Percent  of  total  for  each  class  of  operation,  respectively. 
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Figure  9/ — -Percentage  Distribution  of  Trucks,  by  Class    ; 
of  Operation  in  State  and  Interstate   Traffic. 

TRUCKS  CLASSIFIED  ACCORDING  TO  COMMODITIES  HAULED 

Thirty-two  percent  of  all  trucks  included  in  the  New 
Jersey  sample  were  running  empty;  2.2  percent  carried 
passengers;  65.7  percent  carried  commodities;  and  0.1 
percent  had  no  load  capacity,  the  latter  group  including 
chassis,  tractors,  or  other  vehicles  without  bodies 
designed  for  hauling  loads.  The  loads  carried  by  trucks 
were  classified  according  to  fixed  commodity  groups 
and  the  results  are  shown  in  table  5  and  figure  10. 

The  loads  of  trucks  classified  according  to  type  of 
operation  are  presented  in  table  6.  Among  trucks  of 
the  owner-operated  class,  33  percent  were  found  to  be 
running  empty,  in  contrast  with  about  30  percent  of 
contract-hauler  trucks,  and  only  12  percent  of  common- 
carrier  trucks.  Relatively  more  owner-operated  trucks 
were  found  carrying  passengers.     It  appears  that  there 
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Table  5. — Nature  of  truck  loads  carried 


Nature  of  load 


All  trucks,  total 

No  commodity  or  commodity  not  classified. 

Running  empty.. 

•Carrying  passengers. 

N'o  Ina.  1  capacity    

Loaded,  commodity  not  classified 

Commodity  specified,  total 

Manufactured  products,  wholesale  delivery,  etc.-. 

Agricultural  products 

Retail  deli  very 

Products  of  mines  (coal,  oil,  etc.)... 

Household  goods 

Forest  products  (lumber,  trees,  shrubs,  etc.) 

State  highway  construction  materials,  etc 

Valuables,  mail,  armored  cars,  etc 


Number 
of  trucks 


239, 3fi8 
82,328 


76, 499 

5,  S38 

368 

123 


157, 040 


87,  437 
32,  002 
17,  595 
9,277 
5, 156 
4, 073 
1,182 
318 


Percent- 
age of  all 
trucks 


100.0 
34.4 


32.0 
2.2 
.1 
.1 


r,.-,.t; 


36.4 

13.4 

7.4 

3.9 

2.  2 

1.7 

.5 

.1 


age  by 
group 


100.0 


92.  8 

6.5 


100.0 


55.7 

20.4 

11.2 

5.9 

3.3 

2.6 

.7 

.2 


COMMODITY  SPECIFIED! 
CARRYING  PASSENGERS  f. 


RUNNING  EMPTY  [ 
OTHER  KINDS     I 


ALL  CLASSES -ENTIRE  STATE 

MANUFACTURED  PRODUCTS.  WHOLESALE  DELIVERY.  ETC. 

AGRICULTURAL  PRODUCTS 

RETAIL  DELIVERY 

PRODUCTS  OF  MINES.  COAL.  OIL.  ETC., 

H0U5EH0L0  GOODS 

FOREST  PRODUCTS 

STATE  HIGHWAY  TRUCKS.  CONSTRUCTION  MATERIALS.  ETC. 

VALUABLES.  MAIL.  ARMORED  CARS.  ETC. 


T^TT 


r,,",:,:;',ra 


0     10 


20     30     40     50     60      70      60     90    100 
PERCENTAGE   OF  TRUCKS 


LFigure     10. — Percentage     Distribution     of     Trucks,     by 
Nature  of  Load  Carried. 

is  less  waste  of  truck  capacity  in  common-carrier  and 
contract-hauler  operation  than  in  owner  operation. 
Owner-operated  trucks  carried  a  greater  percentage  of 
agricultural  products,  retail  delivery,  coal,  oil,  and  forest 
products  than  either  of  the  other  two  classes.  In  haul- 
ing these  commodities  the  truck  is  usually  loaded  at  a 
fixed  point,  deliveries  are  made,  and  the  truck  returns 
■empty  to  the  point  of  origin.  In  both  contract  and 
common-carrier  hauling,  on  the  other  hand,  trips  are 
planned  so  as  to  have  the  truck  loaded  on  both  the 
outgoing  and  return  trip  whenever  possible. 

As  shown  in  table  7,  approximately  66  out  of  each 
100  trucks  were  expected  to  bring  back  a  return  load; 
31  were  expected  to  return  empty;  3  were  not  expected 
to  return;  and  only  6  per  1,000  were  expected  to  carry 
passengers,  or  had  no  load  capacity. 

CAPACITY  OF  TRUCKS  STUDIED 

Trucks  observed  in  this  survey  were  of  many  kinds 
and  capacities,  ranging  from  small  roadsters  of  only  a 
fraction  of  a  ton  capacity  used  for  local  ligbt  delivery 
to  large  trailer  vans  used  for  long-distance  hauling. 
In  order  to  reduce  this  great  variety  of  sizes  to  a  few 
comparable  groups,  trucks  have  been  classified  as 
light,  medium,  and  heavy.  Light  trucks  include  all 
trucks  of  IK  tons  capacity  and  under;  medium  trucks 
include  all  trucks  of  capacities  between  l)-2  and  5  tons; 
and  heavy  trucks  include  all  trucks  of  5  tons  capacity 
and  over.  For  the  entire  State,  light  trucks,  including 
passenger  cars  used  for  delivery  or  other  hauling,  com- 
prised 55.5  percent;  trucks  of  medium  capacity  com- 
prised 23.3  percent;  and  heavy  trucks  comprised  21.2 
percent  of  the  total. 


Table  6. — Nature  of  load  carried  by  rlu. 


Nature  of  load 


All  kinds,  total. 


Running  empty 

Carrying  passengers. .. 

No  load  capacity 

Loaded,     commodity 

specified 

Commodity   specified 
total  3 


not 


Manufactured    products, 

wholesale  delivery,  etc 

Agricultural  products 

Retail  delivery 

Products  of  mines,  coal,  oil, 

etc 

Household  goods 

Forest     products,     lumber, 

trees,  shrubs,  etc 

State  highway  construction 

materials,  etc 

Valuables,  mail,  armored  cars 

etc 


3  classes  of 
operation 


Num- 
ber 
236,  710 

76, 034 

5, 006 

354 

101 

155,215 


86. 624 
31.462 

17,617 


9,094 

5, 100 


4,039 


297 


Per- 
cent 

100.  0 


32.1 
2.1 
.2 

(') 
65.6 


2  55.  8 
-  20  3 
'■'  11.3 

2  5. !» 
2  3.3 

2  2.6 

2.6 

2.2 


Owner 
operator 


Num- 
ber 
189,  159 


62,  Mil 
311 


121, 1 187 


63, 137 
26,  117 

17,246 

2,694 

3,67(1 
414 


Per- 
cent 
100.0 


2.6 


(') 

04.  0 


2  52.  2 
2  21.6 
2  14.3 

2  6.5 
2  2.1 

2  3.0 

2.3 

(') 


Contract 

hauler 


Num- 
ber 
42,278 


12,569 

158 
43 

11 

29,  497 


19,  297 

5,118 

323 

1,162 

2,442 

360 

558 
237 


Per- 
cent 

100.0 


29.7 
.4 
.1 

(') 
69.8 


2  65.  4 
2  17.4 

2  1.1 

2  3.9 
2  8.3 

2  1.  2 

2  1.9 


Common 


Num- 
bt  r 
5,  273 


62J 

17 


4,631 


4,190 
227 
48 

79 
64 

9 

10 

4 


Pir- 
cent 
10(1.  0 


11.9 

.3 


87.8 


2  90.5 

2  1.0 

2  1.7 
■  1.  1 


2.2 

2.1 


1  Less  than  Ho  of  1  percent. 

2  Based  on  number  of  trucks  for  which  commodity  carried  was  specified. 

Table  7. — Nature  of  return  load  by  class  of  truck  operation 


Nature  of  return  load 


All  kind,  total 

Returning  empty. 

Not  returning 

Carrying  passengers 

No  load  capacity 

Returning    loaded, 
total i 

Commodity  not  specified 

Commodity  specified. 


3  classes  of 
operation 


Num 

ber 

236,  710 


72,  612 

6,743 

1,035 

369 

155, 951 


142,  430 
13,  521 


Per- 
cent ' 
100.0 


30.7 
2.8 
.4 
.2 

65.9 


1  91.3 


Owner 
operator 


Num- 
ber 
189, 159 


57,  688 
5,27 
872 
327 

124,  995 


114,327 
10,  668 


Per- 
cent 
100.0 


30.5 
2.8 
.5 
.2 

66.0 


i  91.5 
'8.5 


Contract 
hauler 


Num- 
ber 
42,  278 


14,08(1 

1,466 

67 

42 

26,623 


24,336 

2,28 


62.9 


i  91.4 
i  8.6 


Common 
carrier 


4,333 


3,76: 
566 


Per- 

100.0 

16.0 

"i.'i 


82.  2 


'86.9 
>  13.1 


i  Based  on  number  of  trucks  returning  loaded. 

It  may  be  interesting  to  compare  the  capacities  of 
trucks  making  up  New  Jersey  traffic  during  1932-33 
with  similar  data  compiled  for  other  States  during 
previous  years.  A  survey  of  transportation  on  the 
State  highway  system  of  Ohio  made  in  1926,  showed 
that  71.8  percent  of  all  trucks  were  light  capacity;  26 
percent  were  medium  capacity;  and  2.2  percent  were 
heavy  capacity.  The  composition  of  Now  Jersey  I  raffic 
is  definitely  affected  by  the  large  amount  of  heavy  haul- 
ing to  or  from  New  York  City  and  Philadelphia  which 
lie  at  the  termini  of  the  principal  traffic  arteries  of  the 
State. 

A  survey  of  traffic  on  the  Federal-aid  highway  system 
of  11  Western  States  was  made  during  1929  30  by  the 
Bureau  of  Public  Roads  and  the  highway  departments 
of  the  respective  States.  Nebraska,  all  the  Mountain 
States  except  Montana,  and  the  Pacific  States  were 
included  in  this  survey.  The  classification  of  truck 
traffic  of  each  of  these  States,  according  to  the  same 
capacity  groups  as  those  used  for  New  Jersey,  is  pre- 
sented in  table  8. 

A  grouping  of  the  truck  capacities  in  New  Jersey  and 
the  western  States  according  to  the  percentage  of  farm 
and  village  ownership,  as  opposed  to  city  ownership, 
indicates  that  the  percentage  of  lighter  trucks  tends  to 
increase  with  an  increase  in  the  percentage  of  farm  and 
village  ownership,  while  medium-  and  heavy-eapacity 
trucks  increase  with  an  increase  in  city  ownership,  as 
shown  in  table  9.  California  stands  alone  as  group  1, 
since  it  is  t  lie  only  one  of  the  11  western  States  lor  which 
the  classification  of  trucks  by  ownership  shows  one- 
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Table  8.- 


-Percentage  distribution  of  trucks  in  various  States  by 
capacity 


State 


New  Jersey,  1932-33 

Ohio,  1926.. __ 

11  western  States,  1929-30 

Arizona 

C  alifornia 

Colorado 

Idaho 

Nebraska 

New  Mexico 

Nevada 

Oregon 

Utah 

Washington 

Wyoming .. 


V/i  tons 

From  1H 

and  under 

to  5  tons 

Percent 

Percent 

55.5 

23.3 

71.8 

26.0 

67.9 

26.3 

64.7 

31.8 

58.6 

30.2 

73.5 

20.7 

72.5 

20.8 

74.4 

24.1 

79.8 

18.7 

66.1 

25.8 

63.1 

30.9 

77.2 

20.1 

64.6 

27.0 

78.3 

19.9 

5  tons  and 
over 


Perce 


nt 

21.2 
2.2 
5.8 
3.5 

11.2 
5.8 
6.7 
1.5 
1.5 

'8.1 
6.0 
2.7 
8.4 
1.8 


third  farm  and  village  owned  and  two-thirds  city  owned. 
The  second  group  is  made  up  of  Oregon,  Utah,  Arizona, 
Washington,  Idaho,  and  Colorado,  the  relative  per- 
centages of  ownership  varying  from  about  40  to  60 
percent  farm  and  village  ownership,  with  an  average 
of  53.7  percent.  The  third  group  consists  of  Ne- 
braska, New  Mexico,  Nevada,  and  Wyoming,  for 
which  the  percentages  of  farm  and  village  ownership 
range  from  60  to  80  percent,  with  an  average  of  70.4 
percent. 

Table  9. — Percentage  of  light  and  medium  and  heavy  trucks  com- 
pared with  percentages  of  city  and  farm  and  village  ownership 


New  Jersey 

Western  States 

Group  1 . . . 

Group  2... 

Group  3... 


Average  percentage 
of  ownership 


Farm  and 
village 


9.5 

33.9 
53.7 
70.4 


City 


90.5 

66.1 
46.3 
29.6 


Average  percentage 
of  trucks 


Light 


55.5 

58.6 
69.3 
74.7 


Medium 
and  heavy 


45.5 

41.4 
30.7 
25.3 


ONE-HALF  OF  TRUCKS  MAKE  ONE  OR  MORE  TRIPS  A  DAY 

The  frequency  of  trips  made  by  trucks  over  New  Jer- 
sey highways  ranged  from  a  maximum  of  more  than  10 
trips  a  day  to  a  minimum  of  only  one  trip  at  intervals 
of  more  than  30  days,  as  shown  in  table  10.  Exactly 
one-half  of  the  trucks  made  one  trip  or  more  a  day,  while 
the  other  half  made  trips  at  longer  intervals.  Of  each 
thousand  trucks  observed  413  made  one  trip  a  day,  79 
made  from  2  to  5  trips  a  day,  7  made  from  6  to  10  trips 
a  day,  and  only  1  made  more  than  10  trips  a  day. 

Table  11  shows  the  frequency  of  truck  operation  by 
classes  of  operation. 

Table  10. — Frequency  of  trips  by  class  of  truck  operation 


Trip  frequency  group 


All  frequencies,  total.. 

More  than  10  trips  a  day 

6  to  10  trips  a  day _. 

2  to  5  trips  a  day 

One  trip  a  day 

One  trip  every  2  days 

One  trip  every  3  days 

One  trip  every  4  days 

One  trip  every  5  days 

One  trip  every  6  days 

One  trip  every  7  days 

One  trip  every  8  to  14  days... 
One  trip  every  15  to  30  days.. 
Trips  more  than  30  days  apart. 


3  classes  of 
operation 


Num 

ber 

236, 710 


251 

1,685 

18,598 

97,  681 

33,  354 

36,352 

1, 197 

479 

780 

38,  203 

4,505 

3,524 

101 


Per 
cent 
100.0 


.1 

7^9 

41.3 

14.  1 

15.4 

.5 

.2 

.3 

16.1 

1.9 

1.5 

0) 


Owner 
operator 


Num 

ber 

189, 159 


Per- 
cent 
100.0 


.1 

.6 

8.5 

40.6 

13.4 

15.3 

.  5 

.2 

.4 

17.0 

1.9 

1.5 

0) 


Contract 
hauler 


Num- 
ber 
42,278 


133 

518 

2,353 

17,754 

7,037 

6,  879 

160 

84 

104 

5,784 

802 

656 

14 


Per- 
cent 
100. 0 


.3 

1.2 

5.6 

42.0 

16.6 

10.  3 

.4 

.  2 

.2 

13.7 

1.9 

1.8 

(') 


Common 
carrier 


Num- 
ber 
5,273 


10 

196 

,  202 

899 

578 

14 

9 

2 

311 

27 

16 


Per- 

ct  ut 
100.0 


.2 

.2 

3.7 

60.7 

17.0 

11.0 

.3 

2 

5.9 
.5 
.3 


1  Less  than  Mo  of  1  percent. 


Table   !!.■ — Frequency  of  truck  operation  by  classes  of  operation 


Class  and  frequency 


3  classes,  total 

More  than  1  trip  a  day 

1  trip  a  day 

Less  than  1  trip  a  day 

Owner  operators,  total. 

More  than  1  trip  a  day 

1  trip  a  day 

Less  than  1  trip  a  day 

Contract  haulers,  total. 

More  than  1  trip  a  day 

1  trip  a  day 

Less  than  1  trip  a  day 

Common  carriers,  total 

More  than  1  trip  a  day 

1  trip  a  day 

Less  than  1  trip  a  day.. 


Number  of 
trucks 


236, 710 


20, 
97, 
118, 


189, 159 


5,273 


215 

202 

850 


Percent 


100.0 


8.7 
41.3 
50.0 


100.0 


9.2 
40.6 
50.2 


42, 278  100. 0 


7.1 
42.0 
50.9 


100.0 


4.1 
60.7 
35.2 


Average  trip 
frequency 


Days 


3.03 


.39 
1.00 
5.17 


3.09 


.40 
1.00 
5.27 


2.95 


.34 
1.00' 
4.91 


1.87 


.35- 
1.00 
3.54 


These  same  figures  are  presented  in  a  different  ar- 
rangement in  table  12  for  the  purpose  of  showing  the 
distribution  of  trucks  in  the  respective  trip  frequency 
of  groups  among  the  various  classes  of  operators. 
Nearly  80  percent  of  all  trucks  were  operated  in  the 
business  of  owners;  17.4  percent  were  contract  haulers; 
and  only  2.8  percent  were  common  carriers.  The  aver- 
age trip  frequency  of  these  groups  was  3.09  days,  2.95 
days  and  1.87  days,  respectively,  which  means  that 
common  carriers  as  a  class  made  the  most  frequent 

Table  12. — Average   trip  frequency    by   class   of  truck  operation 


Frequency  and  class 

Number  of 
trucks 

Percent 

Average  trip 
frequency 

236, 710 

100.0 

Days 

3.03 

189,  159 

42, 278 
5,273 

79.8 
17.4 
2.8 

3.09 

2.95 

1.87 

20,  534 

100.0 

.39 

17,315 

3,004 

215 

84.4 
14.3 
1.3 

.40 

.34 

.35 

97, 681 

100.0 

1.00 

76, 725 
17, 754 
3,202 

78.3 
17.6 
4.1 

1.00 

1.00 

1.00 

Less  than  1  trip  a  day,  3  classes 

118,495 

100.0 

5.17 

Owner  operator  class 

95,119 

21,  520 

1,856 

80.3 
17.7 
2.0 

5.27 

Contract  hauler  class 

4.91 

3.54 

trips,  contract  haulers  the  next  most  frequent,  and 
owner  operators  made  the  least  frequent  trips.  Among 
trucks  that  made  more  than  one  trip  a  day,  there  was- 
a  considerably  greater  proportion  of  owner  operators, 
84.4  percent  being  of  this  class,  but  the  average  trip 
frequency  for  owner  operators  was  less  than  that  of 
either  contract  haulers  or  common  carriers.  Of  the 
one-trip-a-day  frequency  group,  owner  operators  repre- 
sent the  smallest  percentage  and  there  is  a  greater  pro- 
portion of  common  carriers  in  this  group  than  in  any 
other  group.  Contract  haulers  appear  in  about  the 
same  proportion  in  both  the  one-trip-a-day  and  the  less- 
than-one-trip-a-day  groups.  In  the  latter  group, 
common  carriers  make  trips  more  frequently  and 
owner  operators  less  frequently  than  any  other  class. 
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MANY  TYPES  OF  BODIES  FOUND  ON  TRUCKS 

A  great  variety  of  truck  bodies  is  now  seen  upon  our 
highways.  Trucks  arc  being  adapted  to  many  types 
of  hauling  requiring  special  equipment,  of  which  the 
tank  truck  and  the  ready-mixed-concrete  truck  are 
familiar  types.  In  the  total  volume  of  truck  traffic  in 
New  Jersey,  however,  7  out  of  every  8  vehicles  used  as 
trucks  have  a  standard  covered,  stake,  or  open  body. 
The  covered  truck  was  observed  more  frequently  than 
any  other  type  and  represented  46.5  percent  of  all 
New  Jersey  truck  traffic.  Stake-  and  open-  body  truck  - 
were  in  approximately  equal  proportions,  comprising  21.4 
percent  and  19.8  percent  of  all  trucks,  respectively. 
Among  the  types  which  were  found  less  frequently  the 
truck  with  trailer  appeared  most  often,  about  5  percent 
being  of  this  class.  Tank  trucks  constituted  3.2  per- 
cent of  New  Jersey  truck  traffic  and  were  in  large  part 
serving  the  extensive  refining  industry  of  the  State. 
Trucks  with  unusual  types  of  body  occur  less  than  3 
times  in  each  100  trucks,  and  one  in  every  100  vehicles 
classified  as  trucks  was  a  passenger  car  used  as  a  truck, 
often  for  retail  delivery  or  other  light  hauling.  Only 
3  trucks  per  1,000  had  platform  bodies.  Table  13  shows 
the  data  on  truck  bodies  in  detail. 

Table  13. — Truck  body  types 


Type  of  body 


Covered 

Stake 

Open 

Tank.-. 

Special  body.. 

Passenger  cars  (used  to  haul  commodities) 

Platform 

Refrigerator _ 

None  (tractor  without  trailer) 

Bus  (used  to  haul  commodities) 

Total 


Number  of 
trucks 


111,376 

51,078 

47, 439 

7,714 

6,806 

2,278 

764 

307 

290 

188 


228, 240 


Percent 
of  total 


48.7 

22.4 

20.8 

3.4 

3.0 

1.0 

.4 

.1 

.1 

.1 


100.0 


ONLY  5  PERCENT  OF  TRUCKS  HAULED  TRAILERS 

The  extent  to  which  trailers  are  used  is  shown  in 
table  14.  Passenger-car  trailers  are  not  included  and  no 
distinction  is  made  between  semitrailers  and  full  trailers. 
Trailers  are  of  relatively  minor  importance  since  95  per- 
cent of  all  trucks  operate  without  trailers.  Only  1 
truck  in  20,000  hauled  more  than  1  trailer. 

Table  14. — Number  of  trailers  observed 


Class 

Number 
of  trucks 

Percent 
of  total 

All  trucks,  total 

239, 368 

100.0 

Without  trailers ...  ... 

228,  240 

11,117 

11 

95.  4 

With  1  trailer 

1.  ii 

With  2  trailers..  

(0 

1  Less  than  Mo  of  1  percent. 

80  PERCENT  OF  TRUCKS  FOUND  TO  BE  NOT  OVER  5  YEARS  OLD 

The  age  of  trucks  operating  in  New  Jersey  at  the  time 
of  this  survey  is  shown  in  table  15  and  figure  11.  Since 
the  survey  was  in  progress  from  August  1932  to  August 


Table  15.- — Age  of  trucks 


Age 


Less  than  1  year  (1933  model) 

1  year  (1932  model) 

2  years  (1931  model) 

3  years  (1930  model) 

4  years  (1929  model) 

5  years  (1928  model) 

6  years  (1927  model) 

7  years  (1926  model) 

8  years  (1925  model) 

9  years  (1924  model) 

10  years  (1923  model) 

11  and  12  years  (1922-1921  models).. 
13  to  15  years  (1920-1918  models).... 
16  to  20  years  (1917-1913  models).... 
More  than  20  years  (earlier  models) 

All  ages,  total 


Number 
of  trucks 


239, 368 


Percent 

of  total 


14.  1 

15.  2 
16.9 

IS.  II 

ii  i; 

5.0 
2.9 

1.7 
1.1 
1.1 
.7 
.3 
(2) 


100.0 


Cumula- 
tive i»'i- 


ls.O 
36.2 
53.  1 
71.1 

Ml.  7 
S7.  2 
92.  2 

95.  1 

96.  8 

97.  9 
99.0 
911.  7 

100. 0 


1  10  of  this  number  were  models  of  years  prior  to  1910. 

2  Less  than  Mo  of  1  percent. 


LESS  THAN  ONE  YEAR  (l933  MODEL) 
ONE  YEAR    (1932  MODEL) 
TWO  YEARS  f 1 931  MODEL) 
THREE  YEARS  (1930  MODEL') 
FOUR  YEARS   (l929  MODEL) 
FIVE  YEARS    (1928  MODEL) 
SIX.  YEARS   (1927  MODEL) 
SEVEN   YEARS  (l926  MODEL) 
EIGHT  YEARS    (l92S   MO0EL) 
NINE   YEARS   (l924  MODEL) 
TEN   YEARS   (l923  MODEL) 
ELEVEN  AND  TWELVE   YEARS 
THIRTEEN  TO  FIFTEEN  YEARS 
SIXTEEN  TO  TWENTY  YEARS 
MORE  THAN  TWENTY  YEARS 
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Figure  11. — Percentage  Distbibution  of  Trucks  in  Opera- 
tion in  1932-33  by  Age  Groups. 

1933  all  trucks  of  the  1933  model  are  classified  in  the 
first  age  group  as  less  than  1  year  old.  A  1932  model 
purchased  in  December  of  that  year  was  not  a  year  old 
at  the  latest  date  of  this  survey,  but  for  the  sake  of 
simplicity  and  because  the  actual  date  of  purchase  of 
trucks  was  not  known,  all  1932  models  were  classified  as 
1  year  old,  and  so  on,  for  each  of  the  other  age  groups. 
According  to  this  classification,  the  l ned ian  age,  or  an 
age  so  chosen  that  half  the  trucks  are  above  and  half 
below  that  age,  is  3  years,  53  percent  of  all  trucks  being 
not  more  than  3  years  old.  The  average  life  of  a  truck 
is  probably  about  5  years,  although  trucks  depreciate 
more  or  less  rapidly  according  to  the  nature  of  their 
construction  and  the  kind  of  use  to  w  hich  they  are  put. 
Eighty  percent  of  the  trucks  on  New  Jersey  highways 
were  iiot  more  than  5  years  old.  Ninety-nine  percent 
of  all  trucks  were  not  more  than  12  years  old,  but  a 
scattering  of  old-timers  was  observed,  I  trucks  per 
100,000  of  those  recorded  being  models  of  years  prior 
to  1910. 


NEEDED  RESEARCH  ON  FLEXIBLE-TYPE  BITUMINOUS 

ROADS' 

By  E.  F.  KELLEY,  Chief,  Division  of  Tests,  Bureau  of  Public  Roads 


IN  INTRODUCING  a  discussion  of  flexible-type 
bituminous  roads  it  will  be  well  to  define  first  what 
is  meant  by  the  word  "flexible. "  It  is  a  term  which  is 
quite  generally  applied  to  road  surfaces,  without  much 
regard  to  its  exact  meaning,  to  designate  those  types 
which  have  little  or  no  flexural  strength,  as  contrasted 
with  the  truly  rigid  types  which  have  high  flexural 
strength.  Thus,  a  flexible-type  surface  may  not  be 
flexible  in  the  true  sense  of  the  word  but  all  surfaces  of 
this  type  have  the  common  characteristic  of  low  beam- 
strength.  Also,  they  have  the  ability,  in  varying  de- 
gree, to  adjust  themselves  to  minor  settlements  without 
structural  failure. 

The  function  of  a  bituminous  road  surface  of  the  flex- 
ible type  is  to  carry  the  wheel  loads  of  vehicles  without 
failure  of  the  bituminous'  wearing  course,  the  base 
course,  or  the  subgrade.  These  three  component  parts 
of  a  flexible  type  bituminous  road  are  interdependent 
and  the  characteristics  of  each  affect  the  performance 
of  the  whole. 

MORE    SATISFACTORY    TESTS    NEEDED    FOR    IDENTIFICATION     OF 
BITUMINOUS  MATERIALS 

Subgrades. — During  recent  years  great  progress  has 
been  made  in  increasing  our  knowledge  of  soils  and  their 
use  as  subgrade  materials.  We  have  learned  to  dif- 
ferentiate with  some  precision  between  good  subgrade 
soils  and  poor  ones;  we  have  learned  something  regard- 
ing frost  action  and  the  means  for  eliminating  its  detri- 
mental effects;  we  are  increasing  our  knowledge  of  the 
consolidation  of  fill  materials;  and,  finally,  we  have 
learned  much  regarding  the  stabilization  of  soils,  par- 
ticularly by  means  of  suitable  combinations  of  soil 
materials.  But  soil  science  is  still  in  its  infancy  and, 
in  the  larger  sense,  the  research  that  is  needed  is 
barely  under  way.  The  possibilities  of  stabilization 
with  admixtures  of  chemicals  or  bituminous  materials 
are  particularly  promising. 

Base  courses. — What  has  been  said  with  respect  to 
subgrades  is  also  generally  applicable  to  base  courses. 
Our  knowledge  of  bases  of  the  macadam  type,  which 
depend  primarily  on  internal  friction  for  stability,  is 
largely  the  result  of  experience.  But  soil  science, 
coupled  with  experience,  has  greatly  extended  our 
knowledge  of  the  essential  characteristics  of  such  base- 
course  materials  as  sand-clay,  gravel,  limerock,  and 
caliche.  Here,  also,  the  possibilities  of  stabilization 
with  other  than  soil  materials  merit  careful  investiga- 
tion. 

Bituminous  wearing  courses. — In  bituminous  wearing- 
courses,  as  in  subgrades  and  base  courses,  stability  or 
resistance  to  lateral  displacement  is  an  essential  char- 
acteristic. But  here  we  have  a  part  of  the  road  struc- 
ture in  which  other  qualities  are  of  increased  importance. 
The  wearing  course  is  subjected  to  the  direct  action  of 
traffic  and  weather.  Adequate  strength  and  durability 
of  the  mineral  aggregate  and  durability  of  the  bitu- 
minous binder  are  necessary. 

Numerous  investigations  have  developed  valuable 
information  regarding  stability  as  affected  by  character 

'  Presented  before  Highway  Research  Board  on  Dec.  7, 1934,  as  an  introduction  to 
a  symposium  on  flexible-type  bituminous  roads. 
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and  grading  of  mineral  aggregate  and  character  and 
quantity  of  bituminous  binder.  Further  research  on 
these  materials  is  needed.  The  development  of  a  test 
for  stability,  preferably  a  simple  one,  that  will  simu- 
late the  action  of  a  paving  mixture  under  wheel  loads, 
would  go  tar  toward  solving  some  of  the  questions 
that  now  confront  the  engineer. 

With  respect  to  mineral  aggregates,  much  has  already 
been  learned  regarding  strength  characteristics  and 
durability,  but  further  work  remains  to  be  done.  The 
relative  affinity  of  aggregates  for  water  and  for  bitumen 
is  a  characteristic  that  has  not  yet  received  the 
attention  it  deserves. 

The  present  question  of  pressing  importance  in  the 
field  of  bituminous  surfacing  has  to  do  with  the  dura- 
bility of  the  bituminous  material  itself.  The  large 
programs  of  highway  construction,  involving  a  large 
mileage  of  the  low-cost  type,  have  focused  attention 
on  a  problem  that  previously  has  not  been  of  great 
concern. 

It  is  known  that  some  bituminous  materials  lack 
durability  or  resistance  to  weathering.  In  the  road 
surface  they  soon  lose  their  cementing  properties  and 
the  friable  mixture  which  results  may  fail  rapidly  under 
traffic.  In  the  absence  of  a  definite  method  of  differen- 
tiating between  good  and  poor  materials,  specification 
writers  are  now  requiring  compliance  with  test  require- 
ments which  are  primarily  for  the  identification  of  the 
source  of  the  material.  While  these  requirements  may 
exclude  certain  poor  materials,  they  are  so  little  a  meas- 
ure of  quality  that  they  may  also  exclude  materials 
that  are  known  to  be  satisfactory.  There  appears 
to  be  needed  an  accelerated  weathering  test  which  can 
be  made  in  a  few  hours.  Research  on  suitable  test 
methods  is  under  way  and  should  be  continued. 

Inference  should  not  be  made  that  bituminous  mate- 
rials of  low  resistance  to  weathering  are  necessarily 
valueless.  With  a  full  realization  of  their  limitations, 
economic  considerations  may  sometimes  dictate  their 
use  in  preference  to  more  expensive  materials.  It  may 
be  possible  to  use  them  advantageously  in  mixtures 
that  are  protected  by  weather-resistant  wearing 
courses.  However,  we  must  have  some  means  of  iden- 
tifying them  so  that  they  may  not  be  used  improperly. 

RATIONAL  METHOD  FOR  DESIGNING  FLEXIBLE  SURFACES  NEEDED 

The  road  structure. — We  have  learned  much,  both 
from  practical  experience  and  from  research,  regarding 
the  design  of  the  component  parts  of  the  flexible-type 
road.  Concerning  the  design  of  the  road  structure  as 
a  whole  we  know  very  little  except  what  has  been  taught 
us  by  experience.  For  roads  of  the  rigid  type  the 
analyses  of  Westergaard,  supplemented  by  research, 
have  given  us  the  basis  for  a  rational  theory  of  design 
applicable  to  concrete  pavements.  For  roads  of  the 
flexible  type  no  rational  method  of  design  exists  and 
rule-of-thumb  methods  are  still  used.  Attempts  have 
been  made  to  develop  a  rational  theory  but  these  are 
based  on  questionable  assumptions  of  such  far-reaching 
importance  that  they  can  scarcely  be  accepted  without 
verification  by  further  research. 

From  the  structural  standpoint,  the  function  of  a 
pavement  of  the  flexible  type  is  to  distribute  the  wdieel 
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load  to  the  subgrade  in  such  manner  that  the  intensity 
of  pressure  will  cause  neither  permanent  nor  elastic 
deformations  of  the  soil  sufficient  in  magnitude  to 
produce  failure  of  the  pavement  surface.  The  rational 
design  of  a  pavement  to  perform  this  function  requires 
a  knowledge  of  the  mechanics  of  load  support.  The 
characteristics  of  the  applied  loads,  the  magnitude 
and  distribution  of  the  forces  of  subgrade  reaction,  and 
the  physical  behavior  of  the  pavement  under  these  two 
sets  of  forces  must  be  determined. 

This  problem  is  of  outstanding  importance.  Its 
complicated  nature  is  indicated  by  the  following  brief 
analysis  of  some  of  its  details. 

The  more  important  variables  which  must  be  con- 
sidered are: 

1.  The  magnitude  of  the  load. 

2.  The  position  of  the  load  on  the  pavement. 

3.  The  area  of  load  application  and  the  distribution 
of  pressure  over  the  loaded  area. 

4.  The  time  duration  of  loading. 

5.  The  thickness  of  the  pavement  (base  course  plus 
wearing  course). 

6.  The  internal  stability  of  both  base  and  wearing 
courses. 

7.  The  distribution  of  pressure  on  the  subgrade. 

8.  The  supporting  power  of  the  subgrade. 

The  vehicle  load,  which  is  important  in  the  design  of 
any  pavement,  is  known  to  be  the  maximum  wheel  load. 
Within  resaonable  limits  the  maximum  wheel  load  likely 
to  operate  over  a  given  road  can  be  determined.  This, 
of  course,  is  the  maximum  static  load  and  must  be  con- 
sidered since  heavy  vehicles  may  stop  on  the  highway 
surface  for  considerable  periods  of  time.  The  impact 
forces  produced  by  the  wheels  of  moving  vehicles  must 
also  be  considered  since  these  are  greater  than  the  forces 
due  to  static  wheel  loads  and  may  exceed  them  many 
times.  Researches  extending  back  over  the  past  15 
years  make  it  possible  to  predict,  with  a  fair  degree  of 
accuracy,  the  magnitude  and  frequency  of  the  impact 
reactions  that  may  be  expected  for  specific  conditions 
of  wheel  load,  tire  equipment,  vehicle  speed  and  road 
roughness. 

The  position  of  the  applied  load  on  the  pavement  is 
also  a  factor  which  must  be  considered.  A  load  applied 
near  the  free  edge  of  the  pavement  will  have  a  different 
effect  from  that  of  one  applied  in  the  interior  portion 
where  continuity  exists.  Rational  design  requires  that 
there  be  equal  resistance  to  load  in  all  parts  of  the 
structure  and  this  can  be  obtained  only  by  systematic 
study  of  the  mechanics  of  pavement  action. 

The  area  of  load  application  and  the  distribution  of 
pressure  over  the  loaded  area  are  two  separate  though 
related  factors.  The  effect  of  the  area  of  load  applica- 
tion has  been  quite  thoroughly  investigated  with  re- 
spect to  the  design  of  concrete  pavement  slabs.  It 
seems  quite  probable  that  not  only  the  size  but  the 
shape  of  the  loaded  area  may  be  an  even  more  important 
factor  in  its  relation  to  flexible  pavements.  The  effect 
of  variations  in  intensity  of  pressure  over  the  loaded 
area  is  also  a  detail  which  must  be  investigated. 

Between  standing  or  static  loads,  slowly  rolling  loads, 
and  suddenly  applied  impact  forces  there  is  a  difference 
in  time  duration  which  is  probably  quite  important  in 
flexible-type  pavements.  For  example,  under  certain 
conditions  it  is  very  probable  that  a  standing  vehicle 
of  given  wheel  load  may  subject  the  pavement  to  a  more 
severe  condition  than  will  the  same  vehicle  moving 
speed  and  producing  impact  reactions  greatly  exceed  in  Li- 
the static  wheel  load.     Certainly  the  factor  of  time 


duration  of  the  load  application  is  one  of  the  important 
details  to  be  investigated  in  the  development  of  a 
rational  method  of  design. 

The  ultimate  object  in  developing  a  theory  of  design 
is  the  determination  of  the  required  thickness  of  pave- 
ment. The  supporting  power  of  the  flexible-type  pave- 
ment is  intimately  related  to  its  thickness,  and  re- 
searches designed  to  develop  basic  principles  will 
necessarily  include  thickness  as  one  of  the  variable-  ol 
major  importance. 

ONLY  FRAGMENTARY  INFORMATION  AVAILABLE  ON  LOAD 
DISTRIBUTION 

The  stability  of  the  base  course  and  the  bituminous 
wearing  course  have  already  been  mentioned.  Stability 
in  the  wearing  course  is  necessary  to  prevent  surface 
failures  such  as  shoving  and  rutting.  Stability  in  the 
base  course  is  necessary  for  the  distribution  of  load  to 
the  subgrade.  The  combined  stability  of  these  two 
component  parts  of  the  road  structure  is  another  one 
of  the  major  variables  that  will  require  intensive 
study.  It  appears  that  one  of  the  important  problems 
to  be  solved  is  the  development  of  a  suitable  method 
for  measuring  this  combined  stability  in  road  surfaces. 

The  distribution  of  load  to  the  subgrade  is  doubtless 
affected  by  all  the  variables  that  have  been  men- 
tioned as  well  as  by  the  elastic  characteristics  of  the 
subgrade  itself.  Only  fragmentary  information  exists 
regarding  load  distribution,  and  very  comprehensive 
investigations  will  be  required  to  evaluate  the  many 
variables  involved. 

Assuming  that  research  has  solved  all  the  problems 
that  have  been  enumerated  thus  far,  there  is  still 
the  problem  of  determining  the  supporting  power  of 
the  subgrade.  The  supporting  power  of  a  soil,  or  its 
resistance  to  distortion  under  load,  is  dependent  on  the 
resisting  forces  of  internal  friction  and  cohesion.  The 
relative  importance  of  each  and  the  net  result  of  their 
combined  action  varies  widely,  depending  upon  con- 
ditions. Subgrade  research  has  already  suggested 
means  for  increasing  the  load-carrying  ability  of  soils. 
Needed  in  the  development  of  methods  of  pavement 
design  is  some  test  which,  when  applied  to  a  given 
subgrade,  will  determine  the  pressure  intensity  that 
can  safely  be  imposed  on  the  soil. 

Past  investigations  of  the  bearing  capacity  of  soils 
have  related  primarily  to  the  foundations  of  buildings 
or  other  structures  in  which  dead  load  is  the  principal 
burden.  Therefore,  the  theories  which  have  been 
developed  from  these  investigations  may  not  be  applica- 
ble to  pavements,  where  the  conditions  differ  in  two 
important  respects.  Under  a  structure  the  load  is 
practically  constant,  while  under  a  pavement  the  tran- 
sient live  load  is  the  principal  burden  on  the  soil. 
Furthermore,  under  buildings  it  is  permissible  to 
anticipate  foundation  settlements  which,  if  they 
occurred  under  a  wheel  load,  would  cause  pavement 
failure.  For  these  reasons,  the  requirements  of  a  lest 
to  determine  the.  safe  hearing  capacity  of  subgrades 
may  be  somewhat  different  from  those  of  a  test  to 
determine  the  bearing  capacity  of  soils  in  deep 
foundations. 

It  is  apparenl  that  the  flexible-type  bituminous  road 
offers  a  fertile  field  for  future  research.  The  experience 
of  the  past  few  years  justifies  the  expectation  thai 
further  rapid  progress  will  be  made  in  advancing  our 
knowledge  of  subgrades,  bases  and  bituminous  wearing 
courses.  The  most  urgent  need  is  for  research  aimed 
the  development  of  a  rational  method  of  design  of  the 
road  structure  as  a  whole. 


ROADSIDE  PLANTING  SURVIVES  DROUGHT 


By  J.  M.  HALL,  Landscape  Engineer,  Iowa  State  Highway  Commission 


ROADSIDE  IMPROVEMENT  was  first  initiated  on 
Iowa  highways  during  the  spring  of  1934,  financed 
"  with  funds  provided  by  the  National  Recovery  Act. 
The  Iowa  highway  commission  selected  as  the  first 
project  a  section  of  Primary  Road  No.  15  extending 
north  from  Ames  32  miles  to  the  junction  with  U  S 
20  at  Blairsburg.  This  road  had  recently  been  con- 
structed and  for  the  greater  part  of  its  length  has  a  100- 
foot  right-of-way. 

The  general  plan  for  grading  and  planting  is  an  in- 
formal development  tending  to  restore  the  natural  char- 
acter of  the  Iowa  countryside.  Backslopes  and  ditches 
were  rounded;  unsightly  refuse  dumps  were  eliminated; 
and  several  varieties  of  native  trees,  shrubs,  and  vines 
were  planted.  It  is  hoped  that  the  final  result  will  be 
an  attractive  roadside,  blending  with  the  adjacent 
topography  and  with  existing  plants. 

Surveys,  plans,  and  estimates  were  prepared  in  Feb- 
ruary and  March  1934  and  preliminary  clearing  and 
grubbing  were  started  early  in  March  prior  to  the  com- 
pletion of  plans. 

Planting  began  about  May  1,  immediately  upon 
arrival  of  the  nursery  material.  All  stock  was  inspected 
in  the  nursery  before  contracts  were  awarded,  and 
checked  again  upon  delivery.  Native  Iowa  peat  was 
used  as  a  fertilizer  and  mulch  on  the  entire  project. 

The  possibility  of  a  dry  spring  and  summer  seemed 
to  warrant  the  use  of  a  liberal  amount  of  peat.  No 
accurate  record  was  kept  of  the  amount  of  peat  used, 
but  a  conservative  estimate  is  that  30  percent  of  the 
backfill  was  peat  which  was  mixed  with  the  existing 
soil;  in  addition  a  2-inch  layer  of  peat  was  used  for 
mulching.  The  shade  and  flowering  trees  were  given  a 
close  pruning  to  cut  down  moisture  loss  by  transpira- 
tion. These  two  treatments,  together  with  two  com- 
plete waterings,  were  probably  the  determining  factors 
in  saving  these  plants  through  the  period  of  drought. 
It  is  interesting  to  note  that  even  after  dust  storms 
and  extremely  hot  winds  there  was  a  sufficient  supply 
of  moisture  around  the  plant  roots  2  weeks  after 
watering. 

The  preliminary  survey  revealed  that  the  majority 
of  plants  would  necessarily  be  located  in  areas  stripped 
of  topsoil.  Because  of  the  poor  soil,  late  planting,  and 
possible  dry  weather  it  was  thought  that  plant  loss 
might  run  as  high  as  25  percent.  The  spacing  between 
plants  was  therefore  made  somewhat  smaller  than  other- 
wise would  have  been  made.  The  results  show  the 
plant  losses  to  be  approximately  as  estimated  with  the 
exception  of  losses  of  the  shade  trees  and  evergreens. 
These  two  kinds  of  trees  survived  the  adverse  condi- 
tions better  than  was  expected,  contrary  to  the  usual 
experience  in  this  part  of  the  country.  The  use  of  labor 
unfamiliar  with  planting  work  caused  some  difficulty 
and  probably  resulted  in  some  losses  that  otherwise 
could  have  been  avoided.  Table  1  shows  the  varieties 
planted  and  the  percentage  of  survival  at  the  end  of 
the  growing  season  last  fall. 

On  delivery  from  the  nursery  all  plants,  with  the  ex- 
ception of  balled  and  burlapped  trees,  were  puddled  in 
a  thick  clay  loam  mixture  and  then  heeled  in.  Each 
plant  was  watered  in  the  temporary  nursery  and  again 
puddled  before  being  dispatched  to  the  planting  forces. 
A  covered  truck  was  used  for  transportation  to  the 
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site  of  planting  to  prevent  drying,  as  the  wind  was 
unusually  hot  and  dry  at  planting  tune.  An  effort  was 
made  to  order  only  sufficient  material  from  the  heeling 
in  nursery  each  day  for  1  day's  planting  to  avoid  carry- 
ing unplanted  stock  over-night.  Watering  was  done 
with  two  tank  trucks.  Each  truck  was  equipped  with 
a  hand-operated  force  pump  between  tank  and  hose, 
and  the  hose  was  fitted  with  a  2-foot  length  of  gas  pipe 
for  a  nozzle.  This  nozzle  was  pushed  down  to  the 
bottom  of  the  original  excavation  and  water  was 
pumped  until  it  soaked  up  to  the  surface.  This  method 
prevented  the  washing  of  large  holes  around  the  plant 
and  made  less  work  in  renewing  the  mulch  on  top. 

Table  1. — Percentage  of  survival  of  plants  at  end  of  first  growing 

season 


Shade  trees  (1  to  2  inches  in  diameter  at  planting): 

Sugar  maple  (acer  saeeharum) _ 

Hackberry  (eeltis  oocidentalis) 

White  ash  (fraxinus  americana) _.. 

Black  walnut  (juglans  nigra) 

American  sycamore  (platanus  occidentalis) 

Pin  oak  (quercus  palustris) 

American  elm  (ulmus  americana) 

Evergreens  (4  to  5  feet  in  height  at  planting) : 

Scotch  pine  (pinus  sylvestris) ' 

White  pine  (pinus  strobus)  ' 

Small  flowering  trees  (2  to  5  feet  in  height  at  planting): 

Red  bud  (cercis  canadensis) 

Thicket  hawthorn  (Crataegus  coccinea)  2 

Washington  hawthorn  (Crataegus  cordata)  J 

Cockspur  thorn  (Crataegus  crusgalli)  ! 

Red  haw  (Crataegus  mollis) 1 - 

Sweet  crab  (malus  coronaria) 

Flowering  crab  (malus  floribunda) 

Prairie  crab  (malus  ioensis) 

Wild  plum  (prunus  americana) 

Purple  plum  (prunus  pissardi) 

Pussy  willow  (salix  discolor) 

Laurel  leaf  willow  (salix  pentandra) 

Cathay  crab  (malus  .  oensis  cathay) 

Shrubs: 

Red  dogwood  (cornus  alba  sibirica) 

Alternate  dogwood  (cornus  alternifolia) 

Gray  dogwood  (cornus  paniculata) 

Yellow  dogwood  (cornus  stolonifera  lutea) 

Wahoo  (euonymus  atropurpureus) 

Fragrant  sumac  (rhus  canadensis) 

Smooth  sumac  (rhus  glabra)  3 

Staghorn  sumac  (rhus  typhina)  3 - 

Meadow  rose  (rosa  blanda) - 

Virginia  rose  (rosa  lucida) -- 

Jap  rose  (rosa  multiflora) --- 

Prairie  rose  (rosa  setigera) 

American  elder  (sambucus  canadensis) 

Coralberry  (symphoricarpos  vulgaris) - 

Wayfaring  tree  (viburnum  lantana) - 

Nanuyberry  (viburnum  lentago) 

Vines: 

Virginia  creeper  (ampelopsis  quinquefolia). 

Bittersweet  (celastrus  orbiculatus) 

Matrimony  vine  (lycium  chinense) 


Number 
planted 


82 
115 
27 
36 
66 
78 
536 

15 
3 

190 
89 
16 
80 
85 
30 
50 

355 
40 

173 

172 
75 
15 


Percent- 
age of 
survival 


100 
88 
96 
72 
92 
80 
91 

93 
100 

100 
81 

100 
89 
80 
53 
26 
48 
96 
74 
41 
16 
87 


590 

14 

10 

0 

655 

26 

175 

7 

150 

93 

730 

77 

2,285 

72 

405 

69 

215 

83 

125 

78 

350 

44 

145 

95 

185 

79 

2,647 

62 

275 

56 

215 

24 

50 

50 

715 

78 

480 

99 

1  Balled  and  burlapped. 

»  About  half  received  balled  and  burlapped. 

3  Collected  stock. 

In  the  fall  all  plants  were  pruned  by  an  experienced 
workman.  The  plants  are  now  in  shape  to  start  a 
directed  growth  and  little  maintenance  will  be  re- 
quired for  another  year. 

Few  conclusions  can  be  drawn  from  the  results  shown 
to  date.  The  plant  varieties  used  will,  in  many  in- 
stances, serve  as  experiments  which  will  be  helpful  in 
planning  future  roadside  work.  This  report  deals  only 
with  experience  with  new  planting  during  an  abnor- 
mally dry  year  and  is  not  indicative  of  general  adapta- 
bility to  roadside  use.  However,  the  care  and  methods 
used  in  planting  seem  to  merit  their  continued  use. 
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Determining  the  Weights  axd  Dimensions  of  Trucks, 


ow  do  the  over-all  dimensions  of  loaded  motor  vehicles 
vary  with  manufacturer's  rated  capacity? 

ow  are  the  gross  loads  of  motor  a  hides  distributed  to  the 
various  axles? 

o  what  extent  do  operators  exceed  the  manufacturer's 
recommended,  loading,  and  how  does  prevalency  of  this 
"overloading"  ran/  with  manufacturer's  ratings? 

o  what  extent  are  tires  being  similarly  overloaded? 

rHESE  ARE  typical  of  the  questions  which  should 
be  answered  by  those  who  must  consider  dimen- 
sions and  load  concentrations  in  providing;  clear- 
ice  and  strength  in  the  design  of  highways  and  high- 
ay  bridges,  by  highway  economists  who  would  properly 
locate  highway  costs  to  the  various  classes  of  vehicles, 
f  manufacturers  of  both  vehicles  and  tires,  and  by 
ghway  administrators  and  legislators  who  would  in- 
lligently  restrict  motor  vehicle  size  and  weight  and 
gislate  fair  tax  rates  to  sustain  highway  programs. 
Those  who  have  had  to  seek  the  answers  to  these  and 
milar  questions  know  that  hitherto  existing  data,  such 
manufacturer's  specifications,  fail  to  provide  them. 
>  far  as  the  writer  knows,  there  is  no  way  to  obtain 
is  information  except  by  establishing  roadside 
dirties"  where  vehicles  may  be  studied  as  they  pass. 

OBSERVATIONS  MADE  ON  TWO  MAIN  TRUCK  ROUTES 

The  following  data  have  been  obtained  from  just  sucb 
inics.  During  the  summer  and  fall  of  1934  the  Bu- 
au  of  Public  Roads  of  the  United  States  Department 
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of  Agriculture  with  the  cooperation  of  the  Johns  Hop- 
kins University,  the  Maryland  State  Roads  Commis- 
sion, and  the  Commissioner  of  Motor  Vehicles  of  Mary- 
land, operated  two  stations  at  which  commercial  ve- 
hicles were  weighed  and  measured.  One  of  these  was 
located  on  Route  U  S  40,  leading  north  from  Baltimore 
toward  Philadelphia,  the  other  on  Route  U  S  1  leading 
south  from  Baltimore  toward  Washington.  These  sta- 
tions were  operated  alternately  for  periods  of  approxi- 
mately 2  weeks  from  the  middle  of  June  to  the  middle 
of  November.  During  the  entire  period  10,700  ve- 
hicles were  observed,  7,100  when  loaded  and  3,600  when 
empty.  It  is  believed  that  the  data  constitute  a  repre- 
sentative sample  of  truck  traffic  on  main  highways  in 
this  area.  Further  investigation  is  needed  to  deter- 
mine if  the  data  are  representative  of  truck  traffic  on 
main  highways  generally. 

The  field  party  of  4  men  consisted  of  a  uniformed 
officer  to  direct  traffic,  a  notekeeper,  and  2  others  who 
shared  the  duties  of  weighing  and  measuring.  Aside 
from  the  scales  no  ol  her  special  equipment  w  as  used.  A 
cloth  tape  and  a  lex  el-rod  with  a  horizontal  arm  for 
calipering  heights  answered  every  purpose. 

In  order  to  avoid  (he  recurrence  of  data  relating  to 
identical  vehicles  frequently  passing  the  station,  identi- 
fication cards  were  issued  to  all  operators  and  no  vehicle 
was  recorded  more  than  once  loaded  and  once  empty 
when  proc<  eding  in  each  direction  during  any  one  2-week 
period. 

The  procedure  was  as  follows:  All  commercial 
vehicles  were  stopped.  Identification  card-,  if  pre- 
sented,  were  examined.  If  a  card  were  presented  indi- 
cating that  the  vehicle,  loaded  or  empty,  had  already 
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been  recorded  when  traveling  in  the  same  condition 
and  in  the  same  direction  during  the  current  2-week 
period,  the  vehicle  was  permitted  to  pass.  Otherwise 
it  was  run  on  the  scales  and  weighed  first  with  all 
wheels  on  the  platform.  It  was  then  moved  ahead 
by  stages  until,  first  the  forward  axle,  and  then  each 
successive  axle  was  off  the  platform,  determining  after 
each  movement  the  weight  carried  on  the  axles  remain- 
ing on  the  platform.  At  the  same  time  the  over-all 
length,  height,  width,  and  wheel  base  were  determined; 
the  manufacturer's  marker  and  registration  data  were 
inspected  for  make  of  vehicle  and  manufacturer's  rated 
capacity;  and  the  license  number  was  noted. 

As  the  field  reports  came  into  the  office  the  informa- 
tion contained  in  and  derived  from  them  was  tabulated 
on  large  ruled  master  sheets,  and  these  were  used  in 
segregating  and  analyzing  the  data.  Where  the  data 
permitted,  pay  loads  were  determined  by  subtracting 
the  measured  empty  weights  of  vehicles  from  their 
gross  weights  as  measured  on  loaded  trips.  The  deter- 
mination was  facilitated  by  preparing,  for  each  vehicle 
initially  observed,  a  file  card,  bearing  the  license  num- 
ber, on  which  was  entered  after  each  observation  of 
the  same  vehicle  a  reference  to  the  pertinent  field  data 
sheet. 

Before  proceeding  to  the  remainder  of  this  report, 
the  reader  should  have  in  mind  the  size  and  weight 
restrictions  of  Maryland  laws  because  of  their  influence 
upon  the  data.  From  the  beginning  of  the  study  in 
June  until  the  middle  of  October  no  attention  was  paid 
to  violations  of  these  laws  nor  were  penalties  of  any 
kind  imposed.  This  was  done  intentionally  to  encour- 
age unrestricted  operation.  The  number  of  observed 
weight  violations  was  small — less  than  one  percent. 
After  the  middle  of  October,  at  the  insistence  of  State 
authorities,  the  laws  were  enforced  and  nine  arrests 
were  made  for  overweight,  1,500  weighings  being 
recorded  during  the  corresponding  period. 

The  Maryland  laws  may  lie  briefly  summarized  as 
follows: 

Mini  id  a  in  dimensions 

Width 96  inches. 

Length Unrestricted. 

Height Unrestricted. 

Maximum  gross  ireights 

On  solid  tires 650  pounds  per  inch 

of  tire  width. 
( )u  pneumatic  tires: 

Single  unit,  4  wheels,  2  axles 25,000  pounds. 

Single  unit,  6  wheels,  'A  axles 40,000  pounds. 

Combination  of  2  vehicles  (tractor 
and  semitrailer  or  tractor  and  full 
trailer)  combined  weight 40,000  pounds.1 

CROSS    WEIGHTS  NOT  IN  PROPORTION  TO  RATED  CAPACITIES 

Reference  will  be  made  in  this  report  to  the  term 
"manufacturer's  rated  capacity"  as  applied  to  both 
vehicles  and  tires.  Applied  to  single  vehicles  and 
tires,  the  term  as  used  means  the  carried  load  which 
the  manufacturer  recommends  as  safe  and  economical 
for  the  vehicle  or  tire  in  question.  Applied  to  tractor- 
semitrailer  combinations,  it  refers  to  the  carried  load 
of  the  semitrailer  only. 

'  There  is  nothing  in  the  Maryland  law  to  prevent  adding  to  these  combinations  of 
2  vehicles  an  indefinite  number  of  units  weighing  as  much  as  40.000  pounds  each. 
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Figure  1. — Frequency  Distribution  by  Gross  Weights  ( 
Loaded  Single  Vehicles. 

Figure  1  and  table  1  show  the  frequency  distributio 
by  the  gross  weights  of  loaded  single  vehicles,  expresse 
in  terms  of  numbers  of  vehicles  and  the  percentages  i 
the  total  number  of  loaded  vehicles  of  each  capacil 
class  having  gross  weights  falling  within  various  clj 
limits,  defined  to  the  nearest  thousand  pounds.  J 
tables  2  and  3  these  data  are  segregated  respective 
into  4-wheel  and  6-wheel  classes.  As  stated  abov 
4-wheel  single  vehicles  may  legally  carry  25,000  poun< 
and  6-wheelers  40,000  pounds. 

It  is  immediately  evident  that  the  gross  loads 
vehicles  of  small  capacity  are  much  greater  in  propo 
tion  to  the  rated  capacity  than  are  those  of  large  capa 
ity  trucks.     Comparing  the   V/2-  and  5-ton  classes 
table   1,  for  example,  the  ratio  of  rated  capacities 
3.33.     If  gross  weight  were  proportional  to  capacil 
5-ton  trucks  would  have  an   average  gross  weight 
3.33   by    10,500   equals   35,000   pounds;   actually    tin 
average  21,600  pounds. 
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Fable   1. — Frequency  distributit 

n  of  gross    w 

tights  i 

fall   Inmlril   single  vehicles 

percentagt  of  total  observat 

IOWS  ill 

capacity  class 

Manufacturer's  rated  c ipacity 

Aver- 

tge 
pros 
weight 

i  Iross  weight 

unds 

Total 

4-6 

7-9 

Percent 
20  0 
26.  1 
11  5 
7  9 
3.  3 

2  9 

10-12 

13-15 

16   is 

l\  ret  ni 
3.3 
6.  9 
23.  1 
26  ii 
20.  1 
n  5 

22.  8 
16  8 
11.6 

19-21 

22  24 

25-27 

28-  30 

31  33 

31  36 
Perci  ni 

37  39 

ID    12 

Pounds 
6,  400 
10,500 

14.  400 
16,300 

15,  11)11 
20,600 
21.600 

21   ( 

25,  100 

Percent 
70.0 

Is    1 

1.9 

1.3 

.2 

2.3 

1 
2.3 

r-  rfi  ni 
6  7 
22  6 
19,  3 
14.6 
11.7 
7.6 
8  6 
4.2 
4.7 

Perci  ni 

23.  7 
21 

20.  1 
15.0 
15  3 
8  6 
6  'i 
1.7 

Pt  rn  nl 

II 

14.6 
26  2 

in  0 

.".,  6 
25.  6 
23,  2 

Percent 

Perci  ni 

Perci  ni 

! 

Perci  ni 

1 

.Y ii  lulu  r 
30 

ii   I 
3.8 
9  6 
li  8 
17.6 
8.6 
25  6 
9.  3 

ii  l 

12 
5.  6 

11  1 

22  s 
9  5 
'i  3 

0.  1 
.2 

1.  l 
1.  2 
3.  I 
8.6 
3.  1 
2.3 

1  i  tons  

il  7 
1.5 
8.  6 
1.5 
•t.  7 

0  2 
2 

5.  3 

3  ii 

1  7 

1)    t 

:. 

s 

■  'i 
13.9 

I  18 

II  2 

s 

1  1 

9 

n  - 

13! 

262 

?abi.e  2. — Frequency  (list 

■{button  of  gross  weights  of  loaded 

',-irlirr 

single 

n  hich  s,  percentage  of  total 

observi 

iituis  i  a  i  ach 

capacity  class 

M  inufacturer's  rated  capacity 

Aver- 
age 

weigh! 

<  iross  weight,  1,000  pounds 

Total 

4-6 

7-9 

10-12 

/'.  i, ,  ni 
6  7 
23.  5 
211    1 
15.  2 
11    1 
9   4 
17   6 
.i.  1 
s   7 

13   15 

16   is 

19-21 

22  .'1 

25-27 

28-  30 

Pen  ni 

ii  i 

2 
.3 

'i 

3!  33 

■:,   a 

HI    12 
I'tn-t  III 

43-45 

uli  ;ei 
villous 

Foil  mis 
6,  400 
111,  Hill 
14,300 
16.  nun 
17.800 
18,600 
18,800 
211.  lll'l 
19,200 

Percent 
70.0 

19  s 
2.0 

1.4 

.3 

Pi  ret  nl 
20  n 
26,  9 
14.2 
s    4 
3.3 

l'i  Ml  lit 

21    7 
20  5 
1.".   7 
17.0 
:,  n 
7.9 
s.  7 

Percent 
3.3 

;,  6 
22,  9 
25  i'. 
2(1    1 
17  9 
35.  2 
is.  1 
17.  1 

Perct  nl 

n  l 
11  s 
14.9 
27  6 
21).  8 

5.  9 
28.  1 
34.9 

Percent 

ii  i 
3.6 
9  s 
15.4 
18.9 
lis 
28  2 
4.3 

J'i  rn  nl 
I)   1 

4.0 

5.  3 
12.3 

23  i, 
10.7 
17   4 

Pfrci  ni 

t;  ni  ni 

ft  if  ni 

/',  TCI  III 

\ ii  lulu  : 

,"il  1 

|  •  tons              . .- 

129 

i)  :t 

...  

17 

.  5 
4.3 

9 

5 
4.  3 

216 

23 

r.\BLE  3. — Frequency  distribution  of  gross  in  ights  of  loaded  6-wheel  single  vehicles,  percentage  of  total  observations  iii  inch  capacity  class 


rii     i  ited  capacity 

Aver- 
age 

gross 
weight 

(iross  weigh! 

,  1,000  pounds 

Total 

1-6 

7-9 

10-12 

13-15 

16   Is 

In  21 

22   2  1 

I 

, 

37-39 
I'm-'  nl 

in    12 
Perci  nl 

1,'.    C, 

\  'itions 

ton ...  . . 

Pounds 

Percent 

1 

Pi  ret  nl 

I 

25.  7 

9   1 

13  - 
6.3 
S    1) 

11    1 

/'■ni  ni 
23  i 

27.  3 
31.0 

is  s 

II    1 
10.9 

5.  o 

/ '  rceni 

Perct  nt 

Percent 

Perct  ni 

I't  ret  ni 

' ' 

Pint  nl 

ii 

14.  900 
17,300 

21,  200 

22.  100 
29.  11)11 
24.  31)11 

2.  2 

1 2.  9 
13.7 

12.9 

I  5 

6  9 
I.")  6 

17.8 

31  s 
10 .3 

9  1 
12  0 

;',  6 
13.0 
in  n 

i  n 

9    1 

6    '.) 

n  ,; 
I.'  ii 

5.  6 

13  0 
15.0 

n  5 

... 

6    '1 

9.  1 

s   (1 

22  II 

13  s 

1  2  .'( 
12.0 

16    7 

6  .; 

5  1) 

16.  7 

6  6 
5  ii 

3  :, 
3.  1 
28  n 

17    1 
HI,  0 

6  1) 
6  3 
1   II 
5  6 
13.0 

Ml   (1 

22 



29 

tons         ..    

3   l 

3,  1 
!.() 

6    1, 

2(1  () 

1  (i 

32 

5  6 

|s 

Ion- 

28,500 

1.3          13.0 

:,  i) 

16 

'II 

In  tables  4,  5,  and  G  vehicles  of  the  heavier  gross 
veights  are  analyzed  according-  to  rated  capacity. 
Cable  4  is  a  classification  of  all  single  vehicles  of  gross 
veights  exceeding  21,000  pounds.  Table  5  is  a  similar 
slassification  of  the  4-wheel  vehicles  only,  and  table  6 
leals  similarly  with  6-wheel  vehicles  only. 

Table  4  shows  that  of  4,839  single  vehicles  observed 
127  or  8.9  percent  had  gross  weights  in  excess  of  21,000 
tounds.  It  is  a  common  belief  that  such  gross  weights 
ire  associated  mainly  with  vehicles  of  5-  and  over-5- 
on  rated  capacity.  Actually,  a-  shown  by  table  4, 
mly  144  or  a  trifle  over  one-third  of  the  427  vehicles  of 
;ross  weight  exceeding  21,000  pounds  were  of  these  two 
argest  rated-capacity  classes.  Over  a  fourth  of  the 
otal  number — 112  out  of  427 — were  vehicles  of  2){  tons 
ated  capacity  or  smaller,  and  16  were  trucks  of  1  ' ,  tons 
ated  capacity,  sizes  generally  well  within  l  lie  common 
•onception  of  medium  vehicles. 

Referring  again  to  table  4,  it  will  be  seen  that  onhj 
90  (4.0  percent)  of  till  loaded  vehicles  were  found  to 
lave  gross  weights  in  excess  of  24,000  pounds,  and  thai 


the  number  of  these  that  were  of  the  .")-  and  over-5-ton 
capacity  classes  was  only  73  (38.4  percent).  Again 
vehicles  rated  at  2}i  tons  capacity  and  less  were  found 
io  constitute  a  very  considerable  percentage  (is. 4  per- 
cent) of  tht'  total,  and  still  a  few  I'.-ton  trucks  were 
included. 

As  shown  by  table  1.  it  is  not  until  gross  weigh!  rises 
in  excess  of  30,000  pounds  that  the  last  of  the  1  !  -  and 
2-ton  trucks  disappear;  but  the  til  trucks,  shown  by 
table  4  to  be  in  excess  of  that  weight,  include  repre- 
sentatives of  all  rated-capacity  classes  from  21/,  tons 
upward.  In  fact,  not  far  from  half  of  the  number  were 
rated  at   less  than  5  tons  capacity. 

The  final  columns  of  table  4  show  thai  io  or  about 
0.2  percent  of  all  observed  loaded  single  vehicles 
weighed  above  40,000  pounds.  All  of  these  were  rated 
at  3-ton  capacity  or  more  and  7  of  the  10  were  of  the 
5- and  over-5-ton  classes.  By  comparison  with  table 
6  it  will  be  seen  that  .all  of  these  trucks  were  6-wheel 
vehicle-,  and  all  were  \iolators  of  the  Maryland  law 
which  set-  the  limit    for  such  trucks  at    10,000  pound-; 


40 


PUBLIC    ROADS 


Vol.  16,  no.  3 


Table  4. — Classification  of  all  heavy-loaded  single  vehicles  accord- 
ing to  manufacturer's  rated  capacity  and  gross  weight 


Total 

all 
loaded 

vehi- 
cles 

Loaded  vehicles  having  gross  weights 

exceeding— 

Manufacturer's  rated 
capacity 

21,000 
pounds 

24,000 
pounds 

30,000 
pounds 

40,000 
pounds 

No. 

30 

2,920 

533 

458 

427 

131 

35 

262 

43 

No. 

Id. 

No. 

Pa. 

No. 

Pet. 

No. 

Pet. 

16 
25 
71 
99 
54 
18 
121 
23 

3.8 

5.9 
16.  6 
23.  2 
12.6 

4.2 
28.3 

5.4 

3 

5 
27 
36 
31 
15 
54 
19 

1.6 
2.6 
14.2 
19.0 
16.3 
7.9 
28.4 
10.0 

21  i  tons    .. 

3 
7 

12 

4 

21 

14 

4.9 

11.5 
19.  7 
6.6 
34.4 
22.9 

3  tons 

1 
2 

10.0 

31-.  tons 

20.0 

5  tons 

3 
4 

30.0 

40.0 

Total 

4,839 
100 

427 

8.9 

100.0 

190 

4.0 

100.0 

61 

1.2 

100.0 

10 
0.2 

100.0 

Percentage    of    total 
loaded  vehicles 

Table   5. — Classifi:ation  of  heavy-loaded    /.-wheel    single   vehicles 
according  to  manufacturer's  ratal  capacity  and  grass  weight 


Manufacturer's  rated 

Total 

all 
loaded 
4-wheel 
vehicles 

Number 

30 

2,695 

511 

429 

395 

106 

17 

216 

23 

Loaded  4-wheel 

vehicles  having  gross  weights  ex- 
ceeding— 

capacity 

21,000  pounds 

24,000  pounds 

30,000  pounds 

Number 

Percent 

A  u  /;/'.,  i 

/•,  ra  ni 

Number 

Percent 

V/2  tons 

4 
22 
60 
84 
34 

6 
87 

6 

1.3 

7.3 
19.8 
27.7 
11.2 

2.0 
28.8 

2.0 

5 

4 
18 
23 
14 

4 
26 

5 

2.1 

4.2 
18.7 
23.9 
14.6 

4.2 
27.1 

5.2 

2  tons 

3  tons. .- 

1 

33.3 

3'j  tons 

1 
1 

33.3 

33.4 

Total 

4,422 
100 

303 

6.9 

100.0 

96 
2.2 

100.0 

3 
0.1 

100.0 

Percentage     of 

total  loaded  4- 
wheel  vehicles. 

Table  6. — Classification   of  heavy-loaded  6-wheel  single  vehicles 
according  to  manufacturer's  rated  capacity  and  gross  weight 


Manufacturer's  rated 

Total 

all 
loaded 
6-wheel 
vehicles 

Loaded  6-w 

heel  vehicles  having  gross 
ceeding— 

weights  e\- 

capacity 

21,000 
pounds 

24,000 
pounds 

30.000 
pounds 

40.000 
pounds 

1    toll 

No. 

No. 

Pet. 

No. 

Pet. 

No. 

Pet. 

No. 

Pet. 

IH  tons._ 

225 
22 
29 
32 
25 
18 
46 
20 

12 
3 
11 
15 
20 
12 
34 
17 

9.7 
2.4 
8.9 
12.  1 
16.1 
9.7 
27.4 
13.7 

1 
1 
9 
13 

17 
11 
28 
14 

1.0 
1.  1 
9.6 
13.8 
18.1 
11.7 
29.8 
14.9 

2  tons._ 

2k>  tons 

3 
6 

12 
4 
20 
13 

5.2 
10.3 
20.7 

6.9 
34.5 
22.4 

3  tons.      ... 

1 
2 

10  0 

3H  tons 

4  tons 

20.0 

3 

4 

30  0 

Over  5  tons . 

40  0 

Total 

417 
100 

124 

29.8 

100.0 

94 
22.6 

100.0 

58 
13.9 

100.0 

10 
2.4 

100  0 

Percent  age     of 
total    loaded 
6-wheel      ve- 
hicles  

yet  in  view  of  the  fact  that  their  heavier  loads  were 
carried  on  six  wheels,  many  of  these  vehicles  unques- 
tionably made  less  demand  upon  the  strength  of  the 
road  than  the  heavier  4-wheel  vehicles  of  gross  weights 
between  21,000  and  24,000  pounds. 

By  comparing  tables  4,  5,  and  6,  it  will  be  seen  that 
58  of  the  61  vehicles  observed  to  have  gross  loads  over 
30,000  pounds  were  6-wheelers.  The  three  4-wheel 
vehicles  all  weighed  less  than  40,000  pounds,  and,  as 
shown  by  table  5,  represented  the  3-,  5-,  and  over-5-ton 
rated-capacity  classes. 


In  the  larger  groups  of  vehicles  of  gross  weights 
exceeding  24,000  and  21,000  pounds  the  numbers  of 
4-wheel  vehicles  are  relatively  higher,  made  so  by  the 
preponderance  of  the  lighter  gross  loads  carried  on  4 
wheels. 

VEHICLES  OF  ALL  RATED  CAPACITIES  FOUND  TO  CARRY 
HEAVY  LOADS 

Table  7  and  figure  2  show  the  gross-weight-frequency 
distribution  for  tractor-semitrailer  combinations.  The 
tendency  to  heavier  loading  of  the  smaller  units  in 
relation  to  capacity  is  again  evident.  If  gross  weights 
were  proportional  to  semitrailer  capacities,  the  5-ton 
class  would  average  3.33  by  20,800  equals  69,200 
pounds,  whereas  it  actually  averages  27,100  pounds. 


4-6     7-9     1012  13-15  16-18  1921  22-24  25-27  28-30  31-33  3436  37-39  40-42  43-45  46-48  49-51 

gross  weight -thousands  of  pounds 

Figure  2. — Frequency  Distribution  by  Gross'Weights  of 
Loaded  Tractor-Semitrailer  Combinations. 

Three  cases  of  overloading,  producing  gross  weights 
of  over  42,000  pounds,  are  chargeable  to  the  over-5-ton 
class.  The  group  of  gross  weights  between  40,000  and 
42,000  pounds,  which  with  the  tolerance  permitted  by 
the  State  roads  commission  includes  only  legally- 
loaded  vehicles,  shows  a  rated-capacity  range  of  from 
2  to  over  5  tons. 

In  table  8  the  heavier  tractor-semitrailer  combina- 
tions are  shown  in  groups  exceeding  each  of  several 
gross-weight  limits  corresponding  to  those  shown  foi 
single  vehicles  in  tables  4,  5,  and  6.  These  data  show 
that  the  numbers  of  combinations  exceeding  the  limits 
shown  constitute  a  much  larger  percentage  of  the  total 
number  of  such  vehicles  than  in  the  case  of  either  4- 
or  6-wheel  single  vehicles.  Nearly  two-thirds  of  all 
semitrailer  combinations  observed  exceed  21,000  pounds 
gross  weight,  and  almost  half  weigh  more  than  24,000 
pounds  gross.  While  about  one-fifth  of  the  total 
number  exceed  30,000  pounds,  only  2.7  percent  weigh 
more  than  40,000  pounds.  Here  again  it  is  apparent 
that  the  heavier  gross  loads  are  not  by  any  meant 
carried  exclusively  on  vehicles  of  the  larger  rated- 
capacity  classes.     On  the  contrary  the  smaller  rated- 
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fABLE    7. 


-Frequency  distribution  of  gross  weights  of  loaded  tractor-semitrailer  combinations,  percentage  of  total  obs 

capacity  class 


rvations  in  each 


Manufacturer's  rated 

\  761 

age 

gross 

w  eight 

rl<ross  weight,  1,000  pounds 

capacity 

7-9 

10-12 

13-15 

16-18 

19-21 

22  Jl 

25  .'7 

28-30 

31-33 

;i    16 

37-3!) 

III   12 

1.:    i;, 

16   is 

I',  ret  nl 

\  ations 

M  tons 

Pounds 

.'II.  Mill 

23,  200 
-•2. '.inn 
24,700 
27,100 
28,200 

I',  ret  nl 
1.8 
2.1 

Percent 
7.0 
4.3 
2.3 
3.  2 
6.9 
2.2 

Percent 
10.5 
2.1 
6.5 
0.7 
3.9 
4.5 

Percent 
19.3 
8.5 
11.1 
8.1 
3.9 
6.2 

Percent 
8.7 
17.0 
20.2 
17.7 
9.8 
12.4 

Percent 
19.  3 
25.  6 
25.  1 
14.5 
13.7 
11.2 

Percent 
26.3 
23.  4 

15.6 

Hi   2 
10.8 
11.2 

Percent 
5.3 

8.5 
10.  1 

6.4 
15.7 

8.9 

Percent 
1.8 
4.3 
6.  5 
B   i 
11.8 
11.8 

Percent 

Percent 

/'<  id  nl 

/'(  1(1  ill 

Pur,  nt 

\  umbt  i 

2.1 
1.3 

J.s 
5  u 
11. S 

1.3 
8   1 
13.7 
12.4 

2.  l 

17 

tons 

3117 

3    2 

:(  '.i 

III" 

5.6 

11   I, 

li  li 

17s 

•apaeity  classes  are  represented  by  significant  numbers 
)t  vehicles  in  each  group  up  to  the  30,000-pound  limit. 

r.\BLE  8. — Classification  of  all  heavy-loaded  tractor-semitrailer 
vehicle  combinations  according  to  manufacturer's  rated  capacity 
and  gross  weight 


Manufacturer's  rated 
capacity 

Total 

all 
in  ided 
vehi- 
cles 

Loaded  vehicles  having  gross  weights  exceeding— 

21,000 
pounds 

24,000 
pounds 

30,000 
pounds 

40.0(10 
pounds 

No. 
57 
47 
307 
62 
102 
178 

No. 

30 
31 

184 
38 
77 

133 

Pet. 

6.1 

6.3 

37.3 

7.7 
15.6 
27.0 

No. 

19 
19 

107 
29 
63 

113 

Pet. 
5.4 
5.4 

30.6 
8.3 

18.0 

32.3 

No. 
1 
4 
28 
15 
36 
77 

Pel. 
0.6 
2.5 

17.4 
9.3 
22.  4 

47.8 

No. 

Pet 

tons .  -.  .. 

1 

5.0 

2 
4 
13 

10.0 

tons. 

20.0 

>ver  5  tons . 

65.  0 

Total 

753 
100 

493 

65.5 

100.0 

350 

46.5 

100.0 

161 
21  4 

100.0 

20 
2  7 

100.0 

'ercentage    of    total 
loaded  vehicles 

Table  9  shows  the  gross-weight-frequency  distribu- 
ion  of  all  loaded  vehicles.  Four-  and  six-wheel  single 
'eludes  and  semitrailer  combinations  of  all  rated 
opacities  are  here  classified  according  to  gross  weight 
rrespective  of  type  or  rated  capacity.  The  most 
ignificant  indication  of  this  tabulation  is  the  large 
lercentage  of  all  loaded  vehicles  that  exceed  21,000 
>ounds  gross  weight.  It  is  shown  that  16.5  percent  of 
ill  loaded  vehicles  had  gross  weights  in  excess  of  the 
imount  commonly  assumed  to  correspond  to  a  rated 
apaeity  of  5  tons. 

LIGHT  TRUCKS  CARRY  GREATEST  OVERLOADS 

It  was  possible  by  the  methods  employed  to  deter- 
nine  the  weight  of  the  load  carried  by  1,429  single 
ehicles  and  219  semitrailer  combinations.  Table  10 
hows  the  frequency  distribution  on  the  basis  of  the 
atio  of  load  carried  to  manufacturer's  rated  capacity 
or  the  single  vehicles.     As  previously  indicated  in  the 


analysis  of  gross  weight,  it  is  here  definitely  shown 
that  loading  in  excess  of  rated  capacity  is  far  more 
prevalent  in  the  case  of  small  trucks  than  of  large  ones. 
On  the  average,  the  1%-ton  trucks  were  found  to 
carry  one  and  two-thirds  as  much  as  the  recommended 
load,  while  the  5-ton  trucks  averaged  just  about  their 
rated-capacity  load.  In  extremes,  the  smaller  truck 
is  loaded  to  4,  5,  and  even  ti  times  its  rated  capacity; 
the  larger  one  is  seldom  loaded  more  than  twice  its 
capacity. 

Table  9.- — Frequency    distribution    of   gross    weights    of   loaded 
vehicles  of  all  classes,  percentage  of  toiol  observa 

[Total  number  of  vehicles  observed,  5,592] 


Gross  weight 

Percent- 
age of 
total 
number  of 
vehicles 

Gross  weight 

Percent- 
age of 
total 
number  of 
vehicles 

4,000-6,000  pounds 

10  4 
16  0 
16  8 

is.  7 
12.  1 
•I  5 
6  8 
3.9 

28,000-30,000  pounds 

1.8 

7,000-0,000  pounds 

31,000-33,000  pounds 

1.3 

10,000-12,000  pounds   _. 

34,000-36,000  pounds.. 

H7  000-39,000  pounds  .. 

1.0 

13,000  15,00(1  pounds 

16,000-18  ooo  pounds 

l.  l 

in  000  12,000  pounds.. . 

"' 

13  000-51,000  pounds 

.  l 

22,000-24,000  pounds.- 

25,000-27,000  pounds 

Total 

100.0 

In  figure  3  is  shown  a  comparison  of  the  numbers  oi 
loads  of  various  weights  carried  by  1 '  •-  and  5-ton  truck- 
respectively,  on  the  basis  of  the  total  number  of  each 
class  occurring  in  the  gross  weight  analysis.  It  is 
significant  that  the  1%-ton  truck  appears  in  this  graph 
as  the  carrier  of  loads  between  ti  and  10  ton-  more  nu- 
merously than  the  5-ton  truck. 

Table  11  shows  an  analysis  of  the  loading  of  semi- 
trailer combinations.  Sufficient  data  could  be  obtained 
lor  only  four  capacity  classes,  hut  the  evidence  parallels 
that  shown  for  single  vehicles  in  table  Kb  Semitrailers 
of  large  rated  capacity  were  found  in  practice  to  carry 
loads  which,  in  the  average,  aboul   equal   the  recom- 


Table  10. 

■ — Frequency  distribution  of  capacity  use  of  loaded 

simile  vehicles,  percentage 

of  total  observations  in 

each  en  1  mi 

iS 

tfanufae- 

A  ver- 
aee 
ratio 

Ratio  of  curried  load  to  capacity 

turer's 

rated 

capacity 

0- 
0.25 

0.25- 
0.50 

0.50- 
0.75 

0.75- 
1.00 

I'll 

7.5 
10.1 

7.2 
11.6 
19.8 

1.00- 
1.25 

Pet. 

7.6 
12.1 

8.3 

10.5 
21.8 

1.25- 
1.50 

Pet. 
6.5 
2.6 
10.7 
HI  5 
12.  5 

1.50- 

1.75 

Pet. 

7.8 
7.1 
11.3 
12.2 
3.1 

1.75- 
2.00 

Pel. 
6.2 
9.0 

10.7 
5.8 
3.  1 

•  mi 
2.25 

Pet. 
5.3 
6.4 
12.  5 
12.2 
3.1 

2.25- 
2.50 

Pet. 

5.5 

5.2 
6.5 

7.0 

i. 
2.75 

Pel 
7.  1 
8.3 
1    2 
1.7 

2.  75- 
3.00 

Pel 
:..  9 

'■>.  i 

3.00- 

:'.  25 

Pet. 
3.6 

:;.  9 
.6 

.6 

3.25- 

:<,  50 

Pet 
3.9 
2.6 

3.50- 

Pet. 
1.7 
I  9 

ii 
6 

3.75- 

1  no 

Pet. 

0.5 

.6 

.6 

1    mi 
1  25 

Pet. 

1.3 

1  50 

Pel 
1).  5 

t  .50- 
1.75 

Pet 

n  2 

1  7.'. 

Pel. 
0.4 

Pit 
li.  1 

5.  25 
.-,  .Ml 

0.  2 

Pet 
0.2 

5.  75 


Pel 

Pel 
II   1 

Total 
ohser- 

4  tons... 
tons 

Pet. 
1.66 
1.56 
1.45 
1.32 
.94 

Pet. 
9.6 

8.3 
6.0 
6.4 
13.6 

Pet. 
10.1 

8.3 
11.3 
7.6 
6.3 

Pet. 

8.1 
5.8 
6.5 
11.6 
16.7 

■i  tons... 
tons 

tons.  .  . 

1.  1 
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Figure  3. — Trucks  of  1^-Ton  and  5-Ton  Rated  Capacity 

Classed  According  to  Loads  Carried. 

mended  load;  the  1^-ton  trailers  were  loaded  even  more 
heavily  in  excess  of  the  rated  capacity  than  the  single 
vehicles  of  the  same  rating. 


AXLE    DISTRIBUTION    OF    GROSS    WEIGHTS    OF    LOADED    VEHICLES 
DISCUSSED 

Tables  12,  13,  and  14  show  the  frequency  distribution 
of  the  percentage  of  gross  weight  of  loaded  vehicles 
carried  by  the  rear  axles  of  single  trucks,  tractors,  and 
semitrailers.  From  them  it  may  be  concluded  that, 
in  the  case  of  single  vehicles,  the  weight  carried  on  the 
rear  axle  averages  approximately  three-fourths  of  the 
gross  load.  Vehicles  having  gross  loads  less  than  10,000 
pounds  carried  an  average  of  only  68  percent  on  the  rear 
axle.  The  gross  weight  groups  above  10,000  pounds  all 
had  an  average  of  close  to  75  percent  for  weight  on  the 
rear  axle.  Included  among  these  vehicles  were  many 
partially  loaded  trucks,  and  the  low  average  percentage 
of  load  on  the  rear  axle  is  doubtless  due  to  greater  pro- 
portionate effect  of  the  engine  and  the  tendency  to 
carry  partial  loading  in  the  forward  part  of  the  truck 
body.  There  is  a  striking  spread  in  the  percentages  for 
all  gross-weight  classes  ranging  from  about  45  to  95 
percent. 

In  the  case  of  tractor-semitrailer  combinations,  it 
may  be  seen  that  about  45  percent  of  the  entire  gross 
weight  of  the  combination  is  carried  on  the  rear  ends 
of  both  tractor  and  semitrailer,  leaving  about  10 
percent  for  the  front  wheels  of  the  tractor. 


Table  11. 


-Frequency  distribution  of  capacity  use  of  loaded  tractor-semitrailer  combinations,  percentage  of  total  observations  in  each; 

rapacity  class 


Manufac- 

Aver- 
age 
ratio 

Ratio  of  carried  load  to  capacity 

Total 

obser- 
va- 
tions 

rated 

capacity 

0- 
0.25 

0.25- 
0.50 

0.50- 
0.75 

Pet. 

"~4.  7 
4.8 
11.3 

0.75- 
1.00 

1.00- 

1.25 

1.25- 
1.50 

1.50- 

1.75 

Pet. 

4.7 
9.5 
5.6 

1.75- 
2.00 

Pel. 
5.6 
7.  1 

23  S 
3.8 

2.00- 
2.25 

2.25- 
2.50 

2.50- 

2.75 

Pet. 

:.  i, 

lis 

i  8 

2.75- 
3.00 

Pet. 

3.00- 
3.25 

Pet. 

3.25- 
3.50 

3.50- 

3.75 

Pet. 

5.6 
3.  1 

3.75- 
4.00 

4.00- 
4.25 

4.25- 
4.50 

Pet. 
5.6 

4.50- 
4.75 

4.75- 
5.00 

Pel. 
10.9 

5.00- 
5.25 

5.2.5- 
5.50 

5.50- 

5.75 

Pet. 

16.3 

5.75- 
6.00 

Pel. 

5.6 

6.00- 
6,:5 

Pet. 
5.6 

6.25- 
6.50 

l ! i tons 

Pet. 
3.  96 
1.94 
1.36 

.98 

Pel. 

"~3.i 
4.  8 

7.5 

Pet 
5.6 

5.  5 
14.2 
17.0 

Pet. 

"2.1 

15.  1 

Pel. 
5.6 
9.5 
23.8 
18.9 

Pet. 
5.6 
11.8 
9.5 
18.9 

Pet 

11.0 

Pet. 
5.6 
8.7 
4.8 

Pet. 
5.6 
6.3 

Pel. 

Pel. 

Pel 

5.6 

Pet. 

5.6 

Pet. 

Pet 

: 

\ililf 

In  r 
18 
127 

7.  1 

0.8 

(I  s 

1.6 

5  tons 

21 

O  ver  5  tons 

1.9 

53 

Table  12. — Frequency  distribution  of  percentage  of  gross  weight  '  of  loaded  single  vehicles  carried  on  rear  axle,  percentage  of  total  observa- 
tions in  each  gross-weight  class 


(Iross  weight 

Aver- 
age 

Percentage  carried  on  rear  axle— 

Total 
obser- 
vations 

40 

45 

50 

55 

60 

65 

70 

75 

Ml 

85 

90 

95 

Under  10 1,000  pounds 

10.  under  20 ,1,, 

20,  under  30 do 

30,  under  40   .In 

/'(iiv  ni 
68  o 
75.3 
74.2 
76.7 

I'lTCl  lit 

0.2 
.  1 

1.3 

Percent 

(1   2 

.  1 

.2 

1.3 

l'i  hi  nl 

0.7 

.5 

.  4 

Percent 

4.5 

.  7 

.4 

Percent 
15.3 
4.3 
2.7 

Percent 
26.  7 
9.8 
8.  1 

Pi  ret  ni 
28.  0 
16.4 
25.  1 
11.5 

Perce  ni 
16.2 
21.4 
35.  6 

35.  9 

Percent 

7.3 
32.4 

18.8 
38.4 

Percent 

1.4 

12.5 

7.0 

10.3 

l'i  rei  nl 
0.3 
1.6 
1.5 
1.3 

Pcrct  nt 
0.2 

.2 

-Yim;- 

ber 

1.737 

2.  slfi 

669 

78 

1  In  the  case  of  3-axle,  6-wheel  trucks  the  "gross  weight  carried  on  rear  axle"  is  actually  carried  on  2  axles  and  4  wheels. 

Table  13. — Frequency  distribution  of  percentage  of  gross  weight  of  loaded  tractor-semitrailer  combinations  carried  on  tractor  rear  axles, 

percentage  of  total  observations  in  each  gross- weight  class 


Gross  weight 

Aver- 
age 

Percentage  carried  on  rear  axle— 

Total 
obser- 
vations 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

10,  under  20.    1,000  pounds 

20,  under  30 do 

30,  under  40.    . .                  do 
Over  40.      ...                        do 

Percent 
45.2 
41.  3 
44.5 
43  6 

l'i  ret  ni 

0.  1 
.3 

Percent 
1.0 

.9 

.5 

Perci.  nl 
5.0 
7    1 
3.8 
9.3 

Percent 

25.8 
24.9 
25.  1 
25.6 

Percent 
40.0 
44.8 
48.9 
51.2 

l'irii  nl 
is  9 
16  ; 

17.  1 
1). 

Perct  nt 
6.2 
4.  1 
3.8 
2.3 

Percent 
1.7 
.9 
.5 

fm  ul 

0.7 

.4 

Percent 
0.7 

Percent 

\ ii  mlii  r 
403 

0.1 

772 
398 

43 

. 
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Table  14. — Frequency  distribution  of  percentagt   of  grass  weight  of  loaded  tractor-semitrailer  combinations  carried  on  semitrailei   rear 

a.rli  ,'  percentage  of  total  observations  in  each  gross-weight  class 


\ .  e 
ape 

Percentage  carried  cm  rear  axle 

20 

25 

30 

;i.r. 

40 

45 

50 

55 

(10 

65 

7(1 

I'un  nl 
II    1 

va  t  ioi  - 

10,  under  20 1,000  pounds.. 

20,  tinder  30  do  .. 

$0,  under  40 do 

Percent 
39.  7 
4  1  2 
42.5 
43.2 

Percent 

0.7 

.3 

2.  9 
1.0 
.8 

Perci  ni 
14.2 
4.  2 

l  8 

l'i  rci  ill 
21.0 

'i  6 
7  8 
7.3 

l'i  ni  nl 
23.7 
20.  2 
39  9 
39.0 

l'i  Til  III 

23.  9 

1  I  6 
36  8 
11.5 

l'i  m  nl 
in  2 
.'1  (i 
11.  1 
7.3 

/'i  ni  ul 

5.  1 
1.8 
1   !l 

Perci  nl 

II  7 
1    1 

l'i  rci  nl 
ii  ■> 

X  ii  inhi  i 
771 

Over  40 do.... 

11 

In  the  c  ise  of  sBmitrailers  with  2  rear  axles,  4  wheels,  the  "percentage  of  gross  weight  carried  on  rear  axle"  is  actually  c  irried  on  .'  axles  and  I  w  heels. 
Table  15. — Frequency  distribution  of  rear-wheel  loads  of  loaded,  single  vehicles,  percentage  of  total  observations  in  each  capacity  class 


Manufacturer's  rated 

Aver- 
age 

wheel 
load 

Rear  wheel  load,  1,000  pounds 

Total 

capacity 

1 

2 

3 

4 

5 

6 

7 

8 

9 

HI 

11 

12 

13 

14 

15 

oh  el 
\  ations 

1  ton 

Pounds 

2.  220 

3,  71  ill 
5.  230 
5,  ?60 
6,310 
6,550 
6,050 
6,910 
6,050 

l'i  ret  nl 

14.6 

5.3 

.8 

2 

.8 

Percent 

63.5 

22.0 

7.2 

3.9 

1.5 

.'  7 

.8 

5.6 

r,i  ■  ,,i 

12.2 
21.0 
12.6 
10.  6 
7.9 
7.7 

111.  X 

4.  I 
8.  3 

Percent 
7.3 
17.5 
17.  1 
15.9 
11.2 
III.  II 
5.4 
7.8 
11.  1 

Percent 

I.",   s 
16.9 
16.5 
13.il 
12.4 
16.2 
9.(1 
S.  3 

/'.     ini 
2.4 
14.  7 
l.s  8 
17.  4 
15.4 
17.8 
29  s 
16.  1 
27  s 

/■<  rci  ni 

l'i  in  ut 

Perci  "i 

l'i  in  nl 

/'<  rci  ut 

Percent 

I'lll    1    III 

Percent 

l'i  in  nl 

\  ii  inlii  i 

3.2 

12.6 
15.0 
20.4 
16.3 
13.5 
211.  6 
5.5 

0  :; 
HI  7 

9.  1 
(6.  1 
16.  3 

8.  1 
19.4 
27.8 

0.  1 
2  7 

8.  5 
8.  7 
11.6 

10.8 

17.3 

2.8 

II.  1 
.6 
'.Ml 
3.  7 
4.7 

3.  7 

2.8 

2  tons ...   

0  9 

1.6 
2.  7 
1.2 

0.  2 
.8 

3  tons 

0.2 

103 
[29 

i\i  tons 

37 

243 

Over  5  tons 

36 

Table  16. — Frequency  distrib 

ution  of  the  rear-wheel  loads  of  loac 

nl  tractors,  percentage  of  total  observations  in  each  capacity  class 

Manufacturer's  rated  capacity  ' 

Average 
wheel 
load 

Rear  wheel  load,  1,000  pounds 

Total 

1 

2 

3 

4 

5 

(i 

7 

8 

9 

10 

11 

observa- 
tions 

\&  tons 

Pounds 
4,690 

5,  510 
6,400 

6,  740 
7.011(1 
7,000 
7,600 
9,300 

Percent 
0.1 

Percent 
3.0 
2.1 
1.0 

Pi  rci  ill 
13.8 
5.6 
2.4 
6.0 

1',  ni  ul 
29.  3 
17.8 
12.9 
7.8 
7.8 
11.  1 
2.6 

l'i  rci  nl 
25.6 
25.8 
19.1 

9.5 
13.  7 
16.7 

9.2 

Perci  ni 
22  3 

23.3 

17.2 
17.2 
13.7 
5.6 
11.8 
12.5 

l'i  in  nl 
4.4 

16.  0 
16.7 
22.4 
17.7 
22.2 

17.  1 

l'i  in  ul 
1.4 
S.  (I 
111.  3 
19.8 
27.  4 
27.7 
3(1.  3 
12.5 

Perci  ni 
0.  1 

1.(1 

12.9 

1 3.  8 
17.7 
5.6 
21.  1 

37.  5 

Pi  rci  nl 

Pi  rant 

X a  mhi  r 
7jii 

0.4 

l.u 

3.  5 
2.0 
11.  1 
7.9 

287 

l\i  tons       

ii  5 

1  tons ...   _. 

116 

IH  tons .  

M 

1  tons 

18 

. 

Over  5  tons    . 

jj 

1  Refers  to  capacity  of  the  semitrailer. 
Table  17. — Frequency  distribution  of  rear-wheel  loads  of  loaded  semitrailers,   percentage  of  total  observations  in  each   capacity  class 


Manufacturer's 

rated  capacity 

Aver- 
age 

wheel 
load 

Rear  wheel  load,  1,000  pounds 

Total 
obsei 

vat  ions 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1'  j  tons . 

Pounds 
4. 680 
5.  130 
.-..iiln 
5,460 
5,  570 
5, '.Ml 

/',  m  nl 

2.2 
.3 

.9 

Percent 
14.6 
4.5 
5.3 
6.5 
10.0 
4.2 

Perci  ni 
10.9 
6.7 
9.6 
(1.  5 
7.3 
11.3 

l'i  r n  nl 
l.s.  2 
22.2 
2(1  9 
16.  1 
10.  (1 
14.3 

/■,  rci  »/ 

23.  6 

24.  4 
24.2 

17.  7 
15.4 

13.7 

Percent 
20.0 

17.8 
24.8 
24.2 
22.7 
13.  1 

Perci  ni 
7.3 

15.  5 
10.9 
17.7 

16.  4 
17.2 

Percent 
3.  (i 
4.5 
3.7 
9.7 
10.0 

14.(1 

l'i  in  nl 
1.8 
1    1 

/•,  rci  nl 

Percent 

Percent 

l'i  i,  i  nl 

2  tons...  .  

1    1 

45 

3112 

1.6 

6.4 
8.3 

62 

(i 
1.8 

11(1 

)ver  5  tons. 

II  6 

II  li 

Similar  distribution  data  were  also  prepared  for  single 
vehicles  and  combinations  without  segregation  into 
gross  weight  classes.  These  are  not  presented  here  as 
they  have  the  same  general  characteristics  as  the  data 
given  in  tables  12,  13,  and  14.  They  show  the  follow- 
ing averages:  For  single  trucks  72.8  percent;  for  tractors 
44.6  percent;  and  for  semitrailers  42.5  percent. 

DATA  ON   WHEEL  LOADS  ANALYZED 

Tables  1"),  16,  and  17,  and  figures  4,  5,  and  (>,  show 
freq  lency  distributions  of  rear-wheel  loads  of  single 
vehicles,  tractors,  and  semitrailers  of  various  ruled 
capacities.     Average  rear-wheel  loads  of  single  vehicle- 


are  shown  to  range  from  a  minimum  of  2,220  pounds 
for  trucks  of  1-ton  rated  capacity  to  a  maximum  of 
6,910  pounds  for  5-ton  trucks.  Again  it  is  found  thai 
the  loads  of  the  larger  vehicles  are  nol  as  great  in  rela- 
tion to  those  of  smaller  vehicles  as  differences  in  rated 
capacity  would  suggest.  The  average  <>l  6,910  pounds 
for  5-ton  trucks,  for  example,  i-  onh  1.84  times  the 
3,76()-i)ouiid  average  for  l'j-ton  trucks  instead  of 
3.33  times  as  it  would  he  if  wheel  loads  were  propor- 
tional to  rated  capacity.  It  is  also  apparent,  par- 
ticularly in  relation  to  single  vehicles  (table  15),  that 
the  greatest  wheel  loads  tire  not  always  found  on 
vehicles  of  the  largesl  capacity. 
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REAR  WHEEL  LOAD  -  THOUSANDS    OF  POUNDS 

Figure  [4. — Frequency  Distribution  of  Rear-Wheel  Loads 
for  Loaded  Single  Vehicles. 

Table|18. — Classification  of  all  loaded  single  vehicles  with  heavy 
wheel  loads  according  to  manufacturer's  rated  capacity  and  rear- 
wheel  loads 


Bfanufacturer's  rated 
cap  icity 

Total 

all 
loaded 

vehi- 
cles 

Re  r-w  heel  loads  exceeding— 

7,000 
pounds 

v. Ill  III 

pounds 

9,000 

pounds 

10,000 
pounds 

1  ton 

No. 

41 

2,841 

515 

460 

403 

129 

37 
243 

36 

.v» 

Pet. 

No. 

Pet 

No. 

Pet. 

No 

Pet. 

l'->  tons 

2  tons   .  

13 
72 
95 

119 
45 
S 

101 
12 

2.  8 
15.  5 
20.  4 
25.6 

9.7 

1   7 
21.7 

2.  6 

4 
17 
53 
53 

24 
5 

54 
2 

1  9 
8,0 

25  i) 
25.  o 
11.3 

2  1 
25.5 

.9 

2 
3 
14 

is 
9 
1 

12 

1 

!    ■ 
5  0 

23   ; 
30.0 
15  0 

1.7 
20  0 

1.7 

3 
3 
1 
3 

2]  j  tons 

3  tons-    _   - . 

.;.;  3 
20  o 
20.  0 
6  7 
20.  0 

3V2  tons.._   .. 

S  tons. _    

Over  5  tons.  -    

Total . 

Percentage    (if    total 

4.  705 
100.  0 

465 
9  9 

100.  0 

212 

1  5 

1C0.  0 

in 
1.3 

ICO  0 

15 
o  3 

100.0 

Iii  table  18  rear-wheel  loads  exceeding  certain  limits 
are  classified  according  to  the  rated  capacity  of  the 
vehicles  on  which  thev  were  observed.  The  limits 
chosen  were  7,000,  8,000,  9,000,  and  10,000  pounds.  It 
is  shown  that  of  4,705  loaded  vehicles  observed,  only 
465— less  than  10  percent— had  rear-wheel  loads  in 
excess  of  7,000  pounds.  Of  these  465  vehicles  only 
113  or  less  than  25  percent  were  of  5  tons  rated  capac- 
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Figure  5. 


-Frequency  Distribution  of  Rear- Wheel  Loads 
of  Loaded  Tractors. 


ity  or  larger,  and   180  or  nearly  39  percent  were  of  2% 
tons  capacity  or  smaller. 

Vehicles  with  wheel  loads  exceeding  8,000  pounds 
numbered  only  212  or  4.5  percent  of  the  total  of  4,705 
vehicles  observed  and  again  the  number  of  vehicles 
rated  at  5  tons  or  more  was  less  than  the  number  of  2){- 
ton  and  smaller  vehicles.  Sixty  or  1.3  percent  of  the 
total  number  of  vehicles  had  wheel  loads  exceeding 
9,000  pounds,  and  only  15  or  about  0.3  percent  had 
wheel  loads  greater  than  10,000  pounds.  In  these  two 
groups,  as  in  the  larger  groups  with  wheel  loads  above 
7,000  and  8,000  pounds,  vehicles  of  the  larger  capacities 
were  not  the  most  numerous  but  were,  on  the  contrary, 
exceeded  in  number  by  vehicles  of  2%-tons  capacity 
and  smaller. 
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Table  19. — Classification  of  all  loaded  tractors  with  heavy  wheel 
loads  according  to  manufacturer's  ruled  capacity  and  rear-wheel 
loads 


Manufacturer's 
rated  capacity 

Total 

all 
loaded 
vehicles 

Rear-wheel  loads  exceeding— 

7,000 
pounds 

8,000 
pounds 

9,000 
pounds 

10,000 
pounds 

\Vi  tons 

No. 

726 

287 

209 

11  f, 

51 

18 

76 

8 

No. 
11 
27 
64 
43 
24 

8 
45 

7 

Pd. 

4.8 
11.8 
27.9 
18.8 
10.5 

3.5 
19.6 

3.1 

No. 

1 

4 
30 
20 
10 

3 
22 

6 

Pd. 

1.0 

4.2 
31.3 
20.8 
10.4 

3.1 
22.9 

6.3 

No. 

Pd. 

No. 

Pd. 

2  tons 

1 
3 
4 
1 
2 
6 
3 

5.0 

15.  0 
20.0 
5.0 
10.0 
30.0 
15.0 

iy>  tons  ..  . 

1 

25  0 

3  tons 

3Htons... 

4  tons 

5  tons. 

Over  5  tons 

3 

7.3.0 

Total 

1,491 
100.0 

229 
15.4 

100.0 

96 
6.4 

100.0 

20 
1.3 

100.0 

4 
0.3 

100.0 

Percentage    of    total 
loaded  vehicles 

In  tables  19  and  20,  the  numbers  of  loaded  tractors 
and  semitrailers,  respectively,  with  rear-wheel  loads 
exceeding  the  several  limits  are  shown  to  be  approxi- 
mately as  numerous  in  relation  to  the  totals  of  such 
vehicles  as  were  the  single  vehicles  similarly  loaded. 
The  tables  show,  however,  that  the  heavier  wheel 
loads  on  tractors  and  semitrailers  are  more  frequently 
found  on  combinations  of  the  larger  capacities. 

TIRE  CAPACITY  NOT  EXCEEDED  TO  SAME  EXTENT  AS 
VEHICLE  CAPACITY 

In  table  _'l  is  shown  the  frequency  distribution  of  the 
ratio  of  actual  tire  loads  to  the  manufacturer's  rated 
carrying  capacity  of  the  tires.  Again  the  tendency  for 
the  smaller  vehicles  to  carry  loads  out  of  proportion  to 
their  capacity  is  evident  in  the  more  frequent  overload- 
ing of  the  smaller  sizes  of  tires  commonly  found  on  such 
vehicles.  It  is  to  be  remarked,  however,  that  the  tires 
are  not  as  greatly  overloaded  as  the  vehicles,  a,  fact 
that  is  doubtless  due  to  the  use  of  oversized  tires  on 
many  of  the  smaller  vehicles.      Whereas,    in    extreme 
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I'ahle  20. — Classification  of  nil  I.. 
wheel  loads  according  to  manufactu 
■wheel  load- 


Manufacturer's 

rated  capacity 

Total 
all 

loaded 

vehicles 

55 
45 
302 

62 

110 
108 

7,000 
pounds 

8,000 
pounds 

pounds 

V/i  tons 

:t 
:s 

12 
7 
19 

11 

Pd 

3.4 

3.  1 

8.0 

21.6 
50.  0 

1 

1 
l 

l 

X 

19 

Pd. 

3.2 
3.2 

25.  s 

HI.  1 

No. 

Pd 

Pd. 

2  tons 

1  Ions 

tons  

83  3 

Over  5  tons 

Total 

742 
100.  0 

88 
11.9 

100.  0 

31 

4.2 

[00.0 

C 

(I.  s 

2 

lull  o 

Percentage    of    total 
loaded  vehicles 

cases,  1^-ton  trucks  were  found  to  carry  loads  up  to 
six  times  their  rated  capacity  and  more,  the  extreme 
overloading  of  the  smallest  class  of  tires  did  not  exceed 
2.75  times  the  rated  load  of  the  tires.  In  the  case  of 
the  largest  tires — those  rated  at  more  than  4,000 
pounds — the  extreme  overload  observed  was  only  L.5 
times  rated  capacity,  and  the  number  of  loads  in  excess 
of  rated  capacity  was  only  about  6  percent  of  the  total. 
The  data  presented  in  table  2]  relate  to  both  high- 
pressure  and  low-pressure  tires  indiscriminately.  Simi- 
lar distributions  were  made  for  the  two  classes  sepa- 
rately, but  as  they  were  very  similar  to  the  distribution 
of  the  combined  groups  they  are  not  included  in  this 
report. 

VALUE  OF  C  IN  GROSS-WEIGHT  FORMULA  Disri  SSED 

For  the  purpose  of  limiting  the  gross  weight  of 
vehicles  and  combinations  of  vehicles  the  American 
Association  of  State  Highway  Officials  has  recommended 
use  of  the  formula,  Ur=C(i+40),  in  which  11'  is  the 
gross  weight,  C  a  coefficient,  and  L  the  length  in  feet 
between  the  centers  of  the  extreme  forward  and  rear 
axles  of  the  vehicle  or  combination.  The  association 
recommended  a  value  of  700  as  the  lowest  value  of  C 
to  be  adopted  as  a  limit  in  any  Slate. 

It  has  been  definitely  determined  that  limitation  of 
gross  weight  is  not  needed  as  a  measure,  of  pavement  or 
road  surface  protection.  Tests  have  shown  that  the 
-tress  in  rigid  pavements  caused  by  vehicular  loads  is 
a  function  of  the  wheel  load  rather  than  the  gross  load. 
If  axles  are  spaced  no  closer  than  3  feet  between  centers, 
it  has  been  determined  that  the  maximum  stress  caused 
by  the  combined  wheel  loads  does  not  exceed  that 
caused  by  each  wheel  load  separately.  As  spacing 
closer  than  3  feet  is  impracticable,  the  maximum  wheel 
load  of  vehicles  is  the  critical  factor  in  design  of  pave- 
ments; and  it  is  wheel  load  rather  than  gross  load  that 
must  be  limited  for  pavement   protection. 

( )n  bridges  the  effects  of  loading  are  different.  All 
wheel  loads  of  a  vehicle  or  combination  of  vehicles  that 
can  come  upon  the  structure  at  one  time  are  effective  in 
producing  si  ress,  and  the  -tress  produced  increases  w  it  h 
i  he  sum  of  the  loads  applied  within  a  given  length.  For 
bridge  protection,  therefore,  limitation  of  wheel  load  is 
not  sufficient  :  limitation  of  gross  load  is  also  required. 
But  the  form  of  limitation  to  be  adopted  should  give 
proper  recognition  to  the  length  n\n-  which  the  load  i< 
applied.  The  formula  recommended  by  the  American 
Association  of  State  Highway  Officials  is  of  that  char- 
acter; and   the   value  of  C     700,   recommended   as  the 
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Table  21/ — Frequency  distribution  of  capacity  use  of  tires  on  loaded  vehicles,  percentage  of  total  observations  in  each  capacity  class 

[High-pressure  and  low-pressure  tires  combined! 


Manufacturer's  rated  capacity 

Average 
ratio 

Ratio  of  total  load  on  tire  to  tire  capacity 

Total 
observa- 
tions 

of  tires 

0.25 

0.50 

0.75 

1  nil 

1.25 

1.50 

1.75 

2.00 

2.25 

2.50 

2.75 

i  .'     1,000  pounds.. 

•'  3                                      do 

Percent 
1.09 
1.07 
.93 
.81 

Percent 
0.4 
1.0 
1.0 
3.6 

Percent 
10.3 
10.1 
13.1 
19.0 

Percent 

21 1.  4 
17.1', 
23  9 
35.  6 

/;  ret  a! 

23  4 

J 

38  2 

35.6 

Percent 
22  8 
26.  5 
20.0 
4.4 

Percent 

15.2 

16.8 

2.7 

1.8 

/'<  ret  til 

4.4 

2.1 

.4 

Percent 

2.2 

.  5 

.1 

Percent 

0.7 

.1 

Percent 

0.1 

.1 

Percent 
0.1 

Number 
2,023 
4,169 

3  1                                        do 

1,867 

225 

lowest  limit  to  be  adopted,  has  been  found  to  give,  for 
vehicles  and  combinations  commonly  employed,  values 
of  the  gross  load,  W,  that  do  not  unduly  overstress 
bridges  designed  for  the  association's  standard  H-15 
loading. 

Heretofore,  determinations  of  the  value  of  C  corre- 
sponding to  various  types  and  combinations  of  vehicles 
have  been  based  upon  assumptions  of  probable  or  max- 
imum permissible  wheel  loads.  In  this  study  values  of 
G  have  been  determined  for  vehicles  of  various  types 
and  sizes,  as  actually  loaded,  and  frequency  distribu- 
tions of  these  values  for  single  vehicles  and  for  tractor- 
semitrailer  combinations  are  given  in  table  22. 

To  understand  the  significance  of  the  values  of  C  in 
table  22,  it  is  necessary  to  keep  in  mind  that  the  gross- 
load  limit  derived  from  the  formula  is  an  upper  limit 
normally  associated  with  fully  loaded  or  overloaded 
vehicles  of  the  high-capacity  classes.  The  large  per- 
centage of  small  values  of  G  shown  in  the  table  is  due  to 
the  inclusion  of  low-capacity  vehicles  and  vehicles 
partly  loaded,  and  these  would  rarely  be  affected  by  a 
gross-load  limitation.  Also,  it  is  intended  that  the 
gross-load  limit  given  by  the  formula  be  used  in  con- 
junction with  an  axle-load  or  wheel-load  limit.  In 
nearly  all  cases  of  4-whcel  trucks,  the  limit  on  axle  or 
wheel  load,  not  the  gross-load  formula,  will  control 
the  gross  load. 

Table  22. — Frequency  distribution  of  values  of  C  in  the  gross-load 
formula,  percentage  of  total  observations 

[Loaded  vehicles  only] 


Total 
obser- 
vations 

Numbi  r 
1,956 

1.551 

Value  of  C 

Group 

Un- 
der 
100 

100 
to 
200 

21  III 
to 
300 

Pet. 

36.  1 

23.  1 

300 
to 
400 

400 
to 
500 

Pel 

23,  (', 

500 
to 
600 

COO 
to 
700 

Over 

700 

Single  vehicles 

1  i  ictor  -  semitrailer 
combinations. 

Pet 

5.9 

.  1 

Pet. 

33.6 

5.2 

Pel. 
17.  1 

35.4 

Pet. 

1.  1 

11.4 

Pet. 

0.5 

1.  1 

Pd. 

0.  2 

.  1 

In  view  of  these  circumstances  it  is  interesting  to 
observe  that  only  0.2  percent  of  all  observed  single 
vehicles  and  0.1  percent  of  all  semitrailer  combinations 
had  gross  weights  corresponding  to  values  of  C  above 
700.  For  single  vehicles  the  highest  value  was  770; 
but,  discarding  the  50  highest  values  (1  percent  of  the 
total  observed  number)  the  maximum  is  reduced  to 
550.  For  semitrailer  combinations  the  highest  ob- 
served value  was  750,  a  maximum  that  would  be  lowered 
to  560  by  elimination  of  the  highest  1  percent  of  ob- 
served values. 

Of  the  4,956  single  vehicles  observed  only  10  had  gross 
weights  and  wheel-base  lengths  corresponding  to  values 
of  C  in  excess  of  700,  the  value  recommended  by  the 
American  Association  of  State  Highway  Officials  as  the 
lowest  to  be  adopted  as  a,  limit  in  any  State.     Of  these 


10  trucks,  8  were  definitely  allocable  to  manufacturer's 
rated  capacity  classes,  2  to  the  5-ton  class,  and  6  to  the 
over-5-ton  class.  All  of  these  vehicles  were  6-wheel 
vehicles  and  were  the  property  of  a  single  owner.  For 
trucks  of  large  rated  capacity,  they  had  very  short 
wheel  bases,  ranging  from  14  to  15  feet.  All  were  used 
in  the  local  delivery  of  crushed  stone  from  a  nearby 
quarry.  As  they  were  all  6-wheel  vehicles  and  their 
wheel  loads  did  not  in  any  case  exceed  9,000  pounds 
they  would  not  have  been  excluded  by  wheel-load 
limitations  such  as  have  been  recommended  by  the 
American  Association  of  State  Highway  Officials. 

Twenty-five  of  the  single  vehicles  had  gross  weights 
and  lengths  of  wheel  base  resulting  in  values  of  C  over 
600  and  not  more  than  700.  Of  these,  17  could  be 
definitely  allocated  to  rated-capacity  classes,  as  follows: 
2^-ton  capacity,  2;  3-ton  capacity,  1;  3%-ton  capacity, 
3;  4-ton  capacity,  1;  5-ton  capacity,  7;  over  5-ton  ca- 
pacity, 3. 

Of  the  1,551  tractor-semitrailer  combinations  ob- 
served only  one  had  gross  weight  and  length  resulting 
in  a  value  of  C  over  700.  This  was  the  heaviest  com- 
bination observed  during  the  study.  Its  gross  weigh! 
was  51,500  pounds  and  the  distance,  L,  between  its 
foremost  and  rearmost  axles  was  28.9  feet. 

Values  of  C  between  600  and  700  were  found  to  cor- 
respond to  17  semitrailer  combinations  of  which  only 
5  were  classifiable  by  capacity,  one  in  the  5-ton  and  the 
other  4  in  the  over-5-ton  group. 

WEIGHTS  OF  EMPTY  VEHICLES  AND  RATED  CAPACITY  COMPARED 

It  is  sometimes  necessary  to  know  average  and  ex- 
treme weights  of  empty  vehicles  of  the  several  capacity 
classes.  It  is  difficult  to  obtain  this  information  from 
manufacturer's  records  because  the  weight  of  the 
assembled  empty  vehicle  depends  upon  the  type  of  body 
used.  The  manufacturer  of  the  vehicle  generally  lists 
the  chassis  weights  only.  It  has  been  a  common  as- 
sumption that  there  is  an  approximate  equality  be- 
tween the  weight  of  single  empty  vehicles  and  their 
rated  carrying  capacity.  The  average  and  distributed 
weights  of  empty  vehicles  of  the  several  classes  as  ob- 
served in  this  investigation,  given  in  table  23,  will  show 
how  far  from  correct  this  assumption  is.  Similar  data 
for  semitrailer  combinations  are  given  in  table  24. 

CAPACITY  OF  TRUCK  NO  INDICATION  OF  OVER-ALL  WIDTH 

In  the  absence  of  precise  information  the  assertion 
has  been  made  that  motor  trucks  of  the  larger  capacity 
classes  are  commonly  wider  than  those  of  smaller 
capacity  and  consequently  require  a  greater  width  of 
pavement  for  their  accommodation.  Factors  other 
than  the  width  of  the  vehicles  themselves  bear  upon  the 
question  of  pavement  width  required,  including  the 
speed  of  the  vehicles  and  the  driving  habits  of  their 
operators. 
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Table  23. — Frequency  distribution 

of  the 

reights 

oj  empty  sin gh  vehicles,  percentagt  of  total  observations  m  each  capt 

•   /.INN 

Manufacturer's  ruled  capacity 

Aver- 
age 

emptj 

weight 

Weight  empty,  1,000  pounds 

2 

4 

6 

8 

Perci  hi 
7.6 

is  : 

27.  3 

1  5 
3.8 

10 

12 

14 

16 

is 

20 

/'.  in  nl 

22 

! 

24 

l1  >  tons 

Pounds 
5, 690 
7.  690 
10.01(1 
10,720 
12,060 
14,  150 

Percent 
1.8 

Percent 

23.8 

.6 

Percent 
65.3 
34.  1 
^  2 
2.6 
3.0 
1.0 

/  'i  n  i  at. 
1.  1 
14.0 
36  9 
39.  4 
17.9 
7.7 

Percent 
o  i 
2.  3 
17.  1 
25.  5 
16.  -' 
33.  6 

Percent 

Percent 

1 

1   642 

'J  tuns      - 

6  2 

5.  7 

19.  l 

21.  1 

<•    1 
1.9 
4.4 

7.  5 
11.5 

I   6 
10.6 

2^  tons           .  

li  8 
.1 

5  v 

i  0 

22g 

:;'  ,  ton-             -  

10 

III! 

Table  24. — Frequency  distribution  of  the  weights  of  empty  tractor-semitrailer  combinations,  percentage  of  total  observations  in 

capacity  class 


Manufacturer's  rated  capacity 


3  tons 

.">  tons 

i  >\  ei  i  tons 


A verage 

empty 
weight 

Weight  empty,  1,000  pounds 

6 

8 

10 

12 

14 

16 

18 

Pt  ret  ni 
4.1) 
9.  1 

14. 5 

■.»u 
i;.  i 

7.9 

/'.  ret  nl 
1.6 
:(.  ii 

24 

l'i  ret  nl 

26 

I;  in  nl 

Pounds 
10. 890 
13,270 
1 1.  320 

Pi  ret  nl 

ii  8 

l'i  ret  nl 
25   l 
15.  1 
2.6 

l'i  rceni 
37.  3 
39  I 
15.8 

Perct  nl 
31.4 
9.  1 
19.  7 

/',  ret  nl 
4.0 
3.0 
17.  1 

/'.  in  nl 
5.  5 
!i.  1 
22.  1 

6   1 

Total 
nl.  er\ 
tion 


1 26 
33 

I 


Table  25. — Frequency  distribution  of  the  over-all  widths  of  loaded  single  vehicles,  percentage  of  total  observations  in  each  capacity  class 


Manufacturer's 
rated  capacity 


l !  .  tons 

2  Inns 

IVi  tons 

3  tons 

.;>..  ton 
5  tons 


\  i  ei 
width 

i  >\  er-all  width  in  feel 

5.0 

5.2 

5.4 

5.6 

5.8 

6.0 

6  2 

6.4 

6  6 

6.8 

7.0 

7  2 

7,1 

7.6 

7.8 

8.0 

8  2 

8  I 

s  s 

9.0 

Pi 

II.  2 

1 

Feet 

7.11 
7.4 
7.5 
7.7 
7.7 
7.9 

Pet. 
0.  1 

Pel. 
0.3 

Pet. 
0.7 

Pel. 

.8 
.2 

Pet. 

2.6 

...... 

Pet. 

2.  7 

!s 

.4 

Pet. 

3.0 

1.  1 

.  6 

2 

Pet. 

4.4 
.9 

1.  1 
2 
.  7 

Pet. 

7.6 

3.0 

2.  1 

.5 

Pel 

12.6 
6.  9 

4.3 
.7 

1.5 
.4 

Pet. 
12.1 
11.4 
7.9 
2.9 
1.5 
.4 

Pet. 
12.5 
15.4 
14.  1 
4.3 
5.2 
2.4 

Pet. 
17.0 
12.0 

12. '.I 
11.2 
12.0 
3  2 

Pel. 

10.8 
20.  6 

l'i  8 
24  5 
20  9 
12.  1 

Pet. 

5.7 
14.4 
16.9 

21    1 

.'ii 
23.0 

Pel. 
3.6 
8.  3 
15.0 
23.  0 
25.  1 
36.3 

Pet 

0.  7 
2.4 
1  5 
7.  7 
9  ii 
10.9 

Pet. 

0,  1 
.6 
2   1 
1   5 
3.7 

Pet. 

n  :; 
.6 
.9 

1.2 

1   6 

Pet. 

0.  i 
.6 
.  i 

1    2 

.  1 

Total 


,V«  in  - 

l„i 

2,992 
533 
168 
113 
134 
248 


Table  26. — Frequency  distribution  of  the  over-all  widths  of  loaded  tractor-semitrailer  combinations,  percentage  of  total  observations  in  <  ach 

capacity  class 


Manufacturer's  rated 

Average 
width 

i  h  er-all  width  in  feet 

8  r, 
l'i  rn  nl 

n  .; 
> 

Total 
o bsei  . 

i  ion 

capacity 

6  1 

6.6 

lis 

7.0 

7_i 

7,4 

7.6 

7  s 

8  li 

8  2 

fim  nl 

2  3 

ii  8 
1     1 

7  8 
10  7 

s  t 

l'i  ret  nl 

1  :. 
1  li 
I  r. 

1    ! 
1.  1 

1H  tons .. 

Ini 
7.5 
7.  7 
7.  7 
7   7 
7  8 

Percent 

l'i  in  nl 

l'i  in  nl 
1.8 

1.6 

l'i  ret  ni 
3.6 

1.8 
1.0 

ii 

J'liri  nl 
12.8 

4.7 

1   J 
11.  5 
1    II 

Pfrci  nl 
23.7 
.0.  'J 
16.  1 
11.3 
7.  8 
5.  1 

1;  rci  nl 
30  8 
27.  '.1 
31.4 
.'7.  1 
18.  1 
11. s 

Pt  ret  ni 

'.'ii  ii 
25  6 
19.  7 
14.5 
26.  J 
•.'1.3 

Pern  ill 
7.3 
16.  3 
1  1   2 
21.0 
!    9 
15   1 

2  tons__ 

0.3 

n  6 

3  tons 

310 

4  tons 

5  tons 

1   n 
.6 

103 

Ovei  5  tons  

7.9 

.6 

To  the  extent  that  width  of  the  vehicle  and  its  load 
influence  the  decision,  some  light  is  thrown  upon  the 
question  hy  the  classifications  of  over-all  widths  of 
observed  single  vehicles  and  combinations  given  in 
tables  25  and  26,  respectively.  Figures  7  and  8  are 
presented  to  sharpen  the  comparison  between  the  1  '-ton 
and  5-ton  classes.  In  the  former  it  will  be  seen  that  the 
1 'j-ton  trucks  were  more  numerous  than  the  5-ton 
vehicles  in  each  width  class  up  to  and  including  the 
legal  limit,  8  feet.  Among  the  law-violating  single 
vehicles  the  5-ton  trucks  are  slightly  more  numerous, 
and  a  single  5-ton  truck  9  feet  wide  exceeds  the  8.8-fool 
width  of  the  widest  1 '  .-ton  truck. 

Among  semitrailers  there  is  greater  difference  between 
the  widths  of  vehicles  of  the  two  capacity  classes,  as 
shown  in  figure  7.  No  l'-ton  semitrailer  combination 
was  observed  with  over-all  width  in  excess  of  8  feel; 
and  the  widest  ".-ton  combination  observed  was  only 
8.4  feet  wide. 


Tables  27  and  28  show  for  single  vehicles  and  semi- 
trailer combinations,  respectively,  the  number  of  units 
observed  in  excess  of  certain  widths.  Table  27  shows 
that  04.5  percent  of  all  single  vehicles  observed  had 
n\  er-all  \\  idl  hs  in  excess  of  7  feet  and  nearly  50  percent 
of  the  wider  vehicles  were  I '-ton  trucks.  Only  4.(5 
percent  of  the  total  number  of  vehicles  were  over  S 
feet  in  width  and  nearl\  a  fourth  of  this  group  were  of 
5-ton  capacity,  hut  a  greater  number  were  of  the  1' 
and  2-ton  capacities.  hess  than  1  percent  of  all  the 
vehicles  were  more  than  8%  feet  in  width  ami  among 
them  all  capacit}  classes  were  represented  with  little 
difference  in  number,  those  of  the  I ' -ton  class  still 
exceeding  flu1  5-ton  trucks. 

Table  28,  similarly  reviewing  t he  width  data  for 
trailer  combinations,   shows   thai    96.3    percent    of   all 
combinations  were  more  than  7  feet  wide;  9.5  percent 
were  more  than  8  feet  ;  and  only  0.3  percent  were  wider 
than   8J     feet.      Among   these  wide   vehicles  the    1 '.-ton 


48 


PUBLIC    ROADS 


Vol.  16,  no.  3 


550   r 


450 


ioo 


250 


] 

1=1    Ij-TON  TRUCKS 
"■—    5-TON  TRUCKS 

■ 

1 

1_ 

[l|      nl      „.      ,. 

70 


u 


76  78         80         82  84         86         88 

OVER-ALL  WIDTH -FEET 

Figure  7. — Comparison  of  Numbers  of  Loaded  IJ2-T0N  and 
5-Ton  Trucks  (Rated  Capacity)  of  Various  Over-All 
Widths. 
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Figure  8. — Comparison  of  Numbers  of  Loaded  1^-Ton  \\i> 
5-Ton  Tractor-Semitrailer  Combinations  (Rated  Capac- 
ity of  Semitrailer)  of  Various  Over-All  Widths. 

size  was  not  so  strongly  represented  as  among  the  single 
vehicles,  but  the  several  classes  from  3-tons  to  over  5- 
tons  capacity  were  represented  with  little  distinction. 

DATA  ON  HEIGHTS  OF  LOADED  VEHICLES  DISCUSSED 

Tables  29,  30,  31,  and  32  show  the  distribution  of 
loaded  vehicles  according  to  over-all  height  in  a  manner 
corresponding  to  the  previous  analysis  of  width.  The 
average  height  of  the  1%-ton  class  is  shown  to  be  about 
one  foot  less  than  the  average  height  of  all  (rucks  of 
other  capacity  classes.  This  is  due  to  the  presence  in 
the  smaller  capacity  group  of  large  numbers  of  low 
trucks  and  not  to  the  absence  in  thai  group  of  high 
vehicles.  As  shown  by  table  31,  over  56  percent  of  all 
single  trucks  higher  than  11  feet  were  of  1^-tons  capac- 


Table  27. — Classification  of  all  wide  single  vehicles  according  to 
manufacturer's  rated  capacity  and  over-all  width 


Manufacturer's  rated 

Total 

all 
loaded 
vehicles 

Loaded 

vehicles  having  over-all  widths  exceeding— 

capacity 

7  feet 

8  feet 

8M 

feet 

1M  tons.  

Number 
2,992 
533 
468 
413 
134 
248 

Number 
1,528 
400 
389 
394 
129 
245 

Percent 
49.5 
13.0 
12.6 
12.8 
4.2 
7.9 

Number 
44 
23 
37 
46 
17 
54 

Peru  nt 
19.9 
10.4 
16.8 
20.8 
7.7 
24.4 

Number 
11 

7 
6 
8 

Percent 
27  5 

2  tons .  ..  

17  5 

214  tons 

15  0 

3  tons 

20  0 

334  tons 

5  tons.  . .  .  .  

8 

90  0 

Total. 

Percentage  of  to- 
tal loaded  ve- 
hicles  

4,788 
100.0 

3.0S5 
64.5 

llll    (1 

221 
4.0 

100.0 

40 
0.8 

100.0 

Table  28. — Classification  of  all  wide  tractor-semitrailer  vehicle 
combinations  according  to  manufacturer's  rated  capacity  and 
over-all  width 


Manufacturer's  rated 

Total 

all 
loaded 
vehicles 

Loaded  vehicles  having  over-all  widths  exceeding— 

capacity 

7  feet 

8  feet 

8V2  feet 

114  tons 

Number 
55 
43 
310 
62 
103 
178 

Number 
52 
43 
293 
59 
101 
175 

Percent 
7.2 
5.9 
40.5 
8.2 
14.0 
24.2 

Number 

Percent 

Number 

Peru  nl 

2  tons 

2 

28 
9 
10 
22 

2.8 
39.4 
12.7 
14.1 
31.0 

3  tons . 

1 

50.0 

4  tons 

5  tons .... 

1 

50.6    * 

Total 

Percentage  of  to- 
tal loaded  vehi- 
cles   

751 
100.0 

723 
96.3 

100.0 

71 
9.5 

100.0 

2 
0.3 

.0 

1 

ity  and  so  likewise  were  63  percent  of  all  trucks  over 
12  feet  in  height.  The  observations  included  only  3 
trucks  over  12 ){  feet  high  and  2  of  these  were  of  l^-tons 
capacity. 

Comparison  of  tables  31  and  32  show's  that  the  num- 
ber of  semitrailer  combinations  of  the  greater  heights 
was  a  larger  proportion  of  the  total  than  in  the  case  of 
single  vehicles;  and  again,  as  in  the  matter  of  width,  the 
small-capacity  semitrailer  is  less  numerously  represented 
than  the  small-capacity  truck  among  the  extremely 
high  vehicles. 

Figures  9  and  10  show  graphically  the  composition 
by  capacity  classes  of  the  numbers  of  trucks  and  semi- 
trailer combinations  of  several  of  the  greater-height 
groups. 

OVER-ALL  LENGTHS  OF  VEHICLES   REPORTED 

Tables  33,  34,  35,  and  36  contain  analyses  of  the 
over-all  lengths  of  single  vehicles  and  semitrailer  com- 
binations similar  to  those  previously  presented  with 
regard  to  other  characteristics  of  the  veliicles. 

The  largest  single  vehicle  observed,  the  capacity  of] 
which  could  be  definitely  determined,  was  35  feet  long. 
Four  larger  vehicles  were  measured,  the  largest  38  feet 
long,  but  these  were  of  indeterminate  rated  capacity. 
Of  the  single  vehicles  of  determinable  capacity  only  8* 
exceeded  33  feet  in  over-all  length  and  121,  or  2.6  per- 
cent of  the  total  number  observed,  exceeded  30  feet. 
In  this  connection  it  is  desirable  to  emphasize  that  the 
length  recorded  was  the  over-all  length  of  vehicle  and 
load.  It  included  the  bumpers  and  projections  of  the 
load  if  any  existed. 

The  longest  semitrailer  combination  of  determinable 
capacity  was  52  feet  long.  Three  that  could  not  be 
classified  by  capacity  were  longer,  the  longest  being  59 
feet  in  length.     Only  1  of  the  728  semitrailer  combi- 
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Table  29. — Frequency  distribution  of  the  over-all  heights  of  loadt  d  single  vehiclt    .  »i    c<  n<a<7e  "7'  foiaJ  obsi )  valiom     n  ;   i    ,"•.  ,    ,  r/axx 


M  uiufacturer's  rated 
capacity 


ton 

2  tons.. 
2J ..  tons 

3  tons.. 
3H  tons 
5  tons.. 


•IRC 

height 

i  iver-all  height 

n  feel 

6.0 

6.5 

7.0 

7.5 

8.0 

- 

9.0 

9.5 

11)0 

10.5 

II  II 

Percent 
2  2 
4!  3 

3.  'J 
4.8 
9  3 

7.  1 

11.5 

Perci  ni 
1.5 

1.7 
.'.1 
2.  '.1 
1,  7 
1.6 

12.0 

/',  /r,  «/ 
1    II 

1.  7 

2.  1 

1   11 
1    5 

12.5 

J't  1  1  ni 
0.  ■". 

■  1 
.  1 
1.0 

.  B 

Feet 

8.4 
9.0 
9.  3 
9.4 

'.i  : 

9.4 

Percent 
2.  2 

.  7 

Peru  hi 

9.8 

1.7 

.9 

1.0 

/',  rci  nt 
13.0 
12.4 

5.4 

4.  1 

1.5 

.8 

Percent 
10.  6 

5.4 
1  'i 
9.  7 
5.4 
3.  2 

1':  rci  n: 
in  8 
9  5 
12.9 

8.7 
7  s 
13.4 

pt  rc<  in 
12.  1 
7.8 

8.  1 

6.  8 
11.6 
16  9 

/'.  rci  hi 
14.7 
12   1 

g    2 

III.  2 
3.  I 
8  3 

/',  in  III 

11.0 
16.8 

17.2 
13.  1 
11.6 

9.  7 

i,  6 
in.  5 

20.  II 
17    1 
21.7 
23.  2 

Pi  rci  hi 
3.6 
8.  7 
II  8 
18,  8 
21.0 
15.4 

11   1 
2 

.4 

19 
166 

III' 
129 

.'  .1 


Table  30. — Frequency  distribution  of  the  over-all  heights  of  loaded  tractor-semitrailer  combinations,  percentage  of  total  observations  in 

each  capacity  class 


Manufacturer's  rated 

Aver- 
age 
height 

Over-all  height  in  feet— 

Total 
obser- 
vations 

capacity 

6.0 

6.5 

7.0 

7.5 

8.0 

8  5 

9.0 

9.5 

10(1 

10.5 

11.0 

11.5 

12.0 

12.5 

Percent 

8 

2  6 

3.0 

1.5 

.f, 

13.0 

V/i  tons 

Feet 
9.6 
10.2 
10.2 
10.7 
10.  6 
10.6 

Percent 

1.8 

2.6 

.3 

l;  rc<  i'i 
1.8 

r,  rci  nt 
5.5 
2.  li 

:;  11 

Percent 
5.5 

3.4 

Percent 
9.  1 
2.  6 
4.4 

I'l  l:'l   III 
9.    1 

/'.  rci  nl 
3.0 

Percent 
14.6 
15.  t 
9.9 
13.4 
1.0 
2  8 

1',  1,,  ni 

12.7 
28   1 
17.3 
13.4 
22.  6 
12.4 

Perci  1,1 
12.7 
17.9 
is.  7 
13.4 
29.  4 
30  8 

Percent 
10.9 

17. 'J 
1:;  SJ 
23.  9 

31.  1 

Perci  ni 
3  6 

2.  6 
12.  2 
Id.  1 
12,  7 

11., s 

7.3 
5.  1 
5  8 
10.5 
'  11 
2  8 

/'<  '17  III 

2  6 
.3 
1   5 

\  II  III  1:1  1 

2  tons 

39 

3  tons ... 

-Ml 
1   5 

3.  4 

5  8 

4.5 
3.9 
1.7 

295 

67 

1.0 

.6 

1.  1 

1.0 
.  6 

1112 

Over  5  tons... 

ITS 

Table  31. — Classification  of  all  high,  single  vehicles  according  in 
manufacturer's  rated  capacity  and  over-all  height 


Manufacturer's  rated 

Total 
all  load- 
ed ve- 
hicles 

Loaded  vehicles  having  over-all  heights  exceeding— 

capacity 

11  feet 

12  feet 

12',  feet 

1)2  tons.. - 

Number 
2,985 

539 

466 

412 

129 

254 

Number 
91 
20 
16 
21 

9 

4 

/',  rci  ni 
56.5 
12.4 

9.9 
13.  1 
5.6 
2.5 

Number 
17 
2 
2 
5 
1 

Percent 
63.  0 
7.4 
7.4 
18.5 
3.7 

Numbir 
2 

Percent 

111,  7 

2  tons . 

2Yi  tons.. 

1 

33.3 

V/i  tons 

Total 

4,785 
100.0 

161 
3.4 

100.0 

27 
0.6 

100.0 

3 

0.1 

100  0 

Percentage     of 
total  loaded  ve- 
hicles..  

Table  32. — Classification  of  all  high  loaded  tractor-semitrailer 
vehicle  combinations  according  in  manufacturer's  mini  capacity 
mill  over-all  height 


Total 
all  load- 
ed ve- 
hicles 

Loaded  vehicles  having  over-all  heights  exceeding— 

capacity 

11  feet 

12  feet 

12!  j  feet 

\x/2  tons 

Number 
55 
39 

295 
67 
Hi.' 
178 

X11  mbi  1 
7 

63 
2(1 
16 
27 

Percent 

5.  1 
3.6 
45.  6 
14.5 
11.6 
19.0 

Number 
1 
2 

10 

9 

Ptrcent 
6.2 
12.5 

62.  5 
12   5 

Number 

Percent 

1 
1 

1 

33.  3 

33.  3 

33.  4 

1 

6.3 

Total 

736 

100.  0 

138 

is  s 

100.0 

16 

100.0 

3 

0.4 

100.0 

Percentage     of 
total  loaded  ve- 

Table  33. — Frequency  distribution  of  the  over-all  lengths  of  loaded  single  vehicles,  percentage  of  total  observations  in  each  capacity  clai 


Aver- 
age 
length 

Over-all  length  in  feet 

Total 

obscr- 

rated  capacity 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

v;l 

tions 

1J-4  tons 

2  tons.. 

2^  tons... 

3  tons.. 

Feet 
20.8 
23.5 
24.0 
25.8 
26.3 
25.6 

Pet. 

2.0 

...... 

Pet. 
2.7 
.2 

.4 
.2 

Pet. 

5.6 
1.5 
.6 
.2 
.8 
1.2 

Pet. 
7.9 
1.9 
2.4 
1.2 
3.1 
.4 

Pet. 
4.6 
2.1 
4.3 
1.7 
2.4 
1.6 

Pet. 

11.0 
3.7 
5.4 
2.0 
4.7 
3.6 

Pet. 
36  1 
11.6 
7.3 

2.5 
1.6 
3.  1 

I'll 
13.6 
14.  4 
12.3 
4.9 
4.7 
2.0 

Pet. 
5.  3 

11.  1 
12   1 

6.6 
1.7 

12.  6 

Pet. 

3.5 
19.4 
1  1  t 
11.8 

9.  1 
18.6 

Pet. 
2.8 
13.  1 
10.6 
14.2 
10.3 
14.3 

Pet. 
1.9 
6.5 
10.8 
15.2 
11.8 
7.  1 

Pet 
1.0 
3.6 

5.  2 
12  6 
8.8 
9  5 

Pet. 
0.4 
3.0 

5.4 
9.  6 

9   1 

1 

Pet. 
0.5 

1.9 
3  2 

4.7 

1   7 

Pet 
0.3 

1.3 
2.8 
3  2 

6.  3 

3  5 

I'll 
11.2 
.7 
9 
4.2 
5.5 
5.1 

Pet 

0.3 
.7 
1.7 
2.5 
6.3 
2,  1 

Pel. 

Pet. 

Pet. 

Nu  in- 

1;  1 

163 

■ 

3.  1 
1.2 

1 

2  1 

107 

3^  tons.. 

5  tons.. 

127 
253 

Table  34. 


-Frequency  distribution  of  the  over-all  lengths  of  loaded  tractor -semitrailer  combinations,  /><  rci  ntagi   of  total  obst  rvations  in 

rapacity  class 


Manufacturer's  rated  capacity 

Aver- 
age 
length 

Over-all  length  in  feet 

Total 
obser- 

26 

28 

30 

32 

34 

36 

38 

40 

12 

It 

1.6 
4.5 
5.2 
3.  2 
2.  1 
2.3 

i,; 

48 

1 

50 

52 

tions 

Feet 
33.2 
33.5 
33.  0 
36.  : 
33.7 
34.3 

1.6 
2.3 
3.4 

7.2 
.6 

/■■,.,  /// 
8.1 
1 3.  6 
10.  0 
4.8 
16.5 
4.1 

Percent 
16. 1 
20.5 

21.0 
12.7 
8.2 
8.8 

Percent 
30.6 
20.4 
21   6 
12.7 
B.  3 
21.0 

I',  ret  ni 
17.8 
11.  1 
13.8 
7.9 

Percent 

8,  1 
6.8 

11.(1 

2j 

12.9 
9  i 
7.5 
19.1 
10.3 
6   1 

1 

1.6 
4.  5 
2.7 
6.3 
3.1 
4.1 

Perct  nt 

6.8 

1.4 
11.  1 
2.  1 
1.2 

i 

62 

ti 

3  tons 

6.3 

1.0 

1.2 

291 

4  tons.. 

63 

1.2 

171 

50 
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100  105  110  115  120  125  13  0 

over -all  hdght- felt 

Figure  9. — Loaded  Trucks  in  Height  Classification  from 
9'j  to  13  Feet  Grouped  According  to  Rated  Capacity. 

notions  that  could  be  classified  by  capacity  was  more 
than  50  feet  in  length.  Eighteen,  or  2.5  percent  of  the 
total,  were  over  45  feet  long;  and  63,  or  8.7  percent, 
were  over  40  feet  in  length.  More  than  one-third — 253 
of  the  728  loaded  semitrailer  combinations  classifiable 
by  capacity — were  more  than  35  feet  long  over-all. 
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Figure  10. — Loaded  Tractor-Semitrailer  Combinations  in 
Height  Classifications  from  9]4  to  13  Feet  Grouped 
According  to  Rated  Capacity. 

Table  35. — Classification  of  all  long,  loaded,  single  vehicles  accord- 
ing to  manufacturer's  rated  capacity  and  over-all  length 


Manufacturer's  rated 

Total 

all 
loaded 
vehicles 

Loaded  vehicles  having  over-all  lengths  exceeding— 

capacity 

25  feet 

30  feet 

33  feet 

No. 

2, 953 
536 
463 
407 
127 
253 

No. 
135 

95 
139 
222 

74 
108 

Pet. 
17.4 
12.3 
18.0 
28.7 
9.6 
14.0 

No. 
15 
8 
12 
38 
22 
26 

Pet. 
12.4 
6.6 
9.9 
31.4 
18.2 
21.5 

No. 

Pet. 

2'-2  tons 

3  tons...   --. 

1 
3 

4 

12.5 

37.5 

50.0 

Total 

4,739 
100.0 

773 
16.3 

100.  0 

121 

2.6 

100.0 

8 
0.2 

100.0 

Percentage  of  to- 
tal loaded  vehi- 
cles .-  .     

Table  36. — Classification  of  all  long,  loaded,  tractor-semitrailer 
vehicle  combinations  according  to  manufacturer's  rated  capacity 
and  over-all  length 


Total 
all 
load- 
ed ve- 
hicles 

Loaded  vehicles  having  over-all  lengths  exceeding— 

Manufacturer's 
rated  capacity 

30  feet 

35  feet 

40  feet 

45  feet 

50  feet 

14  tons 

No. 
62 
44 

291 
63 
97 

171 

No. 

46 
28 
191 
52 

66 
148 

Pet. 

8.7 
5.3 
36.0 
9.8 
12.4 
27.8 

No. 

16 

14 

88 

39 

42 

54 

Pet. 
6.3 

5.5 
34.8 
15.4 
16.6 
21.4 

No. 

2 

5 
26 
14 

6 
10 

Pet. 

3.2 
7.9 
41.3 
22.2 
9.5 
15.9 

100.0 

No. 

Pet. 

No. 

Pet. 

5 
2 
4 

18 

2.5 

38.9 
27.8 
11.  1 
22.2 

1 

100.  0 

Total 

Percentage  of 
total  loaded 

728 
100.  0 

531 
72.9 

100.0 

253 
34.8 

100.0 

63 

8.7 

100.0 

1 

100.0 

As  shown  by  tables  33  and  34,  the  longest  vehicles 
and  combinations  were  of  large  and  intermediate  capac- 
ity classes.  The  largest  single  vehicles  of  the  1 ){-,  2-, 
and  2!>-ton  classes  were  32  feet  long;  the  longest  l){- 
and  2-ton  semitrailer  combinations  were  44  feet  long. 
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33 


34 


35 


28         29         30         31         32 
OVER-ALL  LENGTH -FEET 

Figure  11. — Loaded  Single  Vehicles  Grouped  According 
to  Over-All  Length  and  Within  Groups  According  to 
Rated  Capacity. 


30       32        34       36       38        40       42        44       46        48     508.52 
OVER- ALL  LENGTH -FEET 

Figure  12. — Loaded  Tractor-Semitrailer  Combinations 
Grouped  According  to  Over-All  Length  and  Within 
Groups  According  to  Rated  Capacity. 


Table  37. —  Weights  and  dimensions  of  combinations  thai  included  full  trailers 


Type  of  com 
bination 


/Truck 

\Full  trailer. 
|  Tractor.._. 
{Semitrailer. 
I  Full  trailer. 

(Truck 

\  Full  trailer. 

(Truck 

I  Full  trailer. 

(Truck 

IFull  trailer. 

(Truck 

I  Full  trailer. 

(Truck 

I  Full  trailer. 

I  Tractor 

{Semitrailer 
I  Full  trailer. 

(Truck 

I  Full  trailer 

(Truck 

\ Full  trailer. 


Tons 


2', 
"IK 


3H 

10 

5 

5 

3 


US 


Lbs 

77.  MM) 

31,400 

[39,  800 
fll,  700 

>36,  800 
•39,  37.", 
•25,  540 

30.  600 

5s,  7(in 


Lbs. 

!38,  520 
l38,  560 
1 15,  700 


I  7,700 
(24,  425 
\  15,  375 
I  9,200 
I  2,500 
118.500 
lis,  3IX) 
(25,  200 
114,  175 
J 15.  ISO 
110,360 
12,  700 


11,700 
(38,  100 
12(1,  61)11 
(24,  000 
LIS,  300 


Lbs 

32,  1 40 

25,  760 
9,240 
8,000 
3,800 

18,  770 
7,330 
7,150 
1,275 

14.740 
9,  000 

16,450 
6,600 

12.  370 
5.300 
8,  100 

6.  200 
5,  300 

30,  300 
10,  300 
18,300 

7,  500 


Percentage  of  gross  weight 
carried  on— 


Pet 
42 


u  0 


Pet 

29 


26 


Pet. 


Full  trailer 


Pet. 

"  i; 


Pel 
"33 


6  D 
6  D 
4D 
2D 
4D 
4  D 
4  D 
4S 
4S 
4  1) 

1  S 
4  D 

4  1)1) 
4  I) 
4  S 
4  U 

2  I) 
4  D 
6  I) 

1  1)1) 
I  I) 
1  1)1) 


Lbs 
s,  035 
6,  440 
4,620 
1.000 
1,900 
9,  3S5 
3,  665 
3.575 
638 
7,370 
4.500 
8,225 
3.  300 
6,  185 

2,  150 
1,050 

3,  KM) 
2,650 
7,5' 
5.  150 
9,  150 
3,  750 


O  V 

C  'Z 


Pet 

101 
80 

59 

40 
37 
130 
83 


145 
125 
105 
100 

140 


51 

48 
34 
97 

79 
127 

s.-i 


Feet 

•J.  5 


}    '"'  4 
}  10.0 

]■     II  .8 

11.8 
8.0 

11.0 

10.  5 
9.5 


Feet 

7.8 


7.  I 
6.4 

7.  7 
7.7 
7.0 

8.0 

7  s 
7.2 


Feet 

58.  7 

53.  0 

12.7 

37  6 
42.4 
48.8 

37.  s 

53.  6 

5  I 
12  6 


Feet 

40.  7 

47.0 
:(s  i 
M  o 
37  1 
44.3 
33  0 

is  8 
is  t 
38.  0 


1     18 

1.  13 


I    10 

1.  10 
1    12 


3.S 
*33 


860 

360 

500 


Character  of 
load 


Gasoline. 


r  i  i  ..  i 


160    Furniture 

Agricultural 
products. 

Produce  .. 


400 
470 
350 


310 

660 
500 


Fruil 

Freight    -. 

S05  beans 
Papei 


Origin 
destination 


Maryland    to    Dela- 

»  are 

1),). 

Maryland  to  District 
of  Columbia 

New   York  to  Flori- 
da 

North     Carolina     to 
New  York 

North     Carolina    to 

Maryland. 
(Florida   to   Pennsyl- 

I  vania 

I I  telaware  to    Mao 
i     land 

Do. 

( District  of  Columbia 
I     to  Maryland. 


1  The  number  designates  the  number  of  wheels  on  each  unit.    The  letter  indicates  arrangement  of  tires  on  wheels  can  i  li   i\le     D  indicates  dual  I 

cates  single  tires.    On  full  trailers  DD  means  that  wheels  on  both  front  and  re;ir  axles  carry  dual  tires. 
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Figures  11  and  12  show  graphically  the  relative  num- 
bers of  single  vehicles  and  semitrailer  combinations  of 
the  several  capacity  classes  in  each  of  the  larger  length 
groups.  It  will  be  observed  that  single  vehicles  of  low 
rated  capacity  were  an  important  part  of  each  length 
group  up  to  32  feet — the  greatest  length  observed  for 
such  vehicles.  In  the  case  of  semitrailer  combinations, 
those  of  the  lower  rated  capacities  are  an  unimportant 
part  of  the  total  above  the  length  of  38  feet. 

WEIGHTS  AND  DIMENSIONS  OF  FULL-TRAILER  COMBINATIONS 
GIVEN 

Only  10  combinations  having  full  trailers  were  ob- 
served during  the  course  of  the  survey.     The  weights, 


dimensions,  and  other  characteristics  of  these  vehicles 
are  given  in  table  37.  In  general  their  characteristics 
are  similar  to  those  of  the  tractor-semitrailer  combina- 
tions which  have  been  discussed  in  detail,  but  one 
should  be  noted  particularly  as  the  longest  and  heaviest 
combination  observed  during  the  period.  This  combi- 
nation, with  a  gross  load  of  77,000  pounds  and  a  length 
of  58.7  feet,  had  a  value  of  C  in  the  gross-load  formula 
recommended  by  the  American  Association  of  State 
Highway  Officials  of  860.  This  is  the  largest  value 
noted  in  the  period  of  observation  and  exceeds  the 
next  largest  value  observed  by  nearly  100.  This 
combination  consisted  of  a  tank  truck  and  a  tank  trailer 
and  was  used  to  transport  gasoline. 


REPORT  ON   TAXATION  OF   MOTOR   VEHICLES  IN 
1932  AVAILABLE 

The  full  report  on  the  study  of  motor  vehicle  taxa- 
tion in  1932  by  the  United  States  Bureau  of  Public 
Roads  is  now  available.  The  survey  was  begun  in  1933 
and  completed  in  1934  and  is  the  broadest  in  scope  yet 
attempted.  The  report  includes  not  only  State  taxes 
but  also  Federal  excise  taxes,  county  and  municipal 
taxes,  personal-property  taxes  on  motor  vehicles  im- 
posed by  State,  county,  and  municipal  jurisdictions, 


and  public  bridge  tolls.  The  data  are  analyzed  so  that 
the  numbers  and  contributions  of  various  classes  of 
vehicles  may  be  determined. 

A  digest  of  the  report  was  published  in  Public  Roads, 
October  1934.  The  full  report,  entitled  "The  Taxa- 
tion of  Motor  Vehicles  in  1932",  consists  of  270  pages 
and  is  for  sale  by  the  Superintendent  of  Documents, 
Government  Printing  Office,  Washington,  D.  C,  for 
35  cents.  There  is  no  supply  for  general  free  distribu- 
tion. Orders  should  be  sent  direct  to  the  Superin- 
tendent of  Documents  at  the  above  address. 
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Right  Equipment. 
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Building,  Washington,  D.  C. 
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SUBSURFACE  EXPLORATION  BY  EARTH  RESISTIVITY 

AND  SEISMIC  METHODS 

BY  THE  DIVISION  OF  TESTS,  U.  S.  BUREAU  OF  PUBLIC  ROADS 

Reported  by  E.  R.  SHEPARD,  Research  Engineer 


DURING  the  past  2  years  the  Bureau  of  Public 
Roads  has  experimented  with  two  geophysical 
methods  of  subsurface  exploration,  with  the  ex- 
pectation that  they  will  prove  of  value  in  foundation 
jxploration,  in  the  location  of  gravel  deposits  and  other 
surfacing  material,  and  even  as  an  aid  to  classifying 
jxcavation  in  highway  construction. 

One  of  these  methods  of  test — the  electrical  resistiv- 
ty  method — has  been  used  for  some  years  with  varying 
legrees  of  success  by  several  State  highway  organiza- 
ions  in  connection  with  grading  operations,  fills  through 
swamps,  and  for  determining  the  location  and  extent  of 
jravel  deposits  and  quarry  material. 

The  other  method,  known  as  the  "seismic  method'', 
ilthough  used  extensively  for  locating  salt  domes  and 
)ther  oil-bearing  structures  and  in  certain  types  of  min- 
ing operations,  has  not  heretofore  been  applied  to  shal- 
ow  determinations.  However,  tests  by  the  bureau 
)ver  a  period  of  several  months  on  known  formations 
iround  Washington  indicate  that,  for  determining  the 
presence  and  location  of  consolidated  rock,  this  method 
s  more  reliable  and  accurate  and  in  other  ways  superior 
;o  the  resistivity  method. 

These  and  other  scientific  methods  of  subsurface  ex- 
ploration are  not  new  to  the  geophysicist.  For  many 
fears  the  magnetometer  has  been  used  in  the  location 
)f  mineral  deposits.  The  Eotvos  torsion  balance,  a 
gravimetric  instrument,  was  introduced  into  this  coun- 
ry  from  Germany  about  1922,  and  through  its  use 
nany  salt  domes  rich  in  oil  and  sulphur  were  discovered 
n  the  Gulf  Coast  region. 

More  recently  the  seismic  method  of  exploration  has 
:ome  into  use  and  is  now  the  most  popular  and  widely 
lsed  of  all  geophysical  methods  for  deep  exploration 
vork.  Various  electrical  methods  of  exploration  are 
ilso  in  use;  of  these  the  resistivity  method  is  finding 
nuch  favor  where  relatively  shallow  determinations  are 
nvolved. 

UNDERGROUND  CONDITIONS  INDICATED  BY  ELECTRICAL 
RESISTIVITY 

|   In  using  the  resistivity  method  of  exploration  the 
jnost  common  procedure  is  to  introduce  an  electric  cur- 
rent of  known  strength  into  the  earth  through  suitably 
Placed  electrodes  and  by  means  of  intermediate  elec- 
rodes  to  measure  the  average  resistivity  of  a  volume 
if  earth  comparable  in  dimensions  to  the  electrode  spac- 
ng.     By  progressively  increasing  the  electrode  sparing 
,nd  repeating  the  measurements  a  curve  is  established 
.rhich  shows  the  relation  of  resistivity  to  depth. 
,  Calculated  values  of  resistivity  are  plotted  as  ordi- 
lates  and  corresponding  values  of  electrode  spacing  as 
Ibscissas.     An  upward  trend  of  the  curve  indicates  in- 
reasing  resistivity  with  depth  and  suggests  the  presence 
f  rock,  gravel,  or  some  other  high-resistance  material, 
bile  a  flat  or  descending  curve  is  indicative  of  soil  or 
'ay.     An  abrupt  change  in  curvature  indicates  a  change 
d  material  at  a  depth  approximately  equal  to  the  dec- 
ode spacing  at  which  the  change  occurs. 

137113—35 1 


Studies  of  this  kind  have  been  reported  by  the  Bureau 
of  Mines  (4,  5,  6,  .9),'  by  Schappler  and  Farnham  (8  of 
the  Missouri  State  Highway  Commission,  by  Kurte- 
nacher  {2,  3)  of  the  Wisconsin  Highway  Commission, 
by  Wilcox  {12)  of  the  Minnesota  Department  of  High- 
ways, and  by  numerous  other  investigators.  Schappler 
and  Farnham  were  successful  in  preclassifying  excava- 
tion materials  on  highway  projects  but  had  difficulty  in 
interpreting  bridge  sounding  data  due  to  the  fact  that 
coarse  sand  and  gravel  overlying  the  bedrock  possessed 
a  resistivity  not  markedly  different  from  that  of  the 
solid  rock.  Kurtenacher  reported  success  in  the  deter- 
mination of  the  thickness  of  stripping  in  quarries,  the 
location  of  buried  gravel  deposits,  and  the  determina- 
tion of  depths  to  solid  bottom  in  marshes  and  swamps. 
Wilcox  has  confined  his  work  largely  to  locating  shal- 
low deposits  of  sand  and  gravel  for  road  surfacing. 

The  following  quotation  from  the  report  of  Schappler 
and  Farnham  shows  that  in  1931,  without  the  aid  of 
resistivity  measurements,  an  error  of  nearly  13  percent 
was  made  in  estimating  the  amount  of  solid-rock  exca- 
vation on  a  number  of  highway  jobs,  while  in  1932,  on  a 
like  number  of  similar  jobs  where  estimates  were  based 
on  resistivity  tests,  the  error  was  about  1  percent.  This 
comparison  suggests  the  possibility  of  greatly  improv- 
ing the  accuracy  of  estimates  of  grading  costs  on  high- 
way projects  through  the  use  of  this  or  other  methods  of 
preliminary  exploration. 

Up  to  date  final  estimates  have  been  filed  on  25  projects  com- 
pleted in  1932,  on  which  geologists  had  made  reports  and  pro- 
classified  the  excavation.  The  projects  were  matched  as  nearly 
as  possible  with  projects  completed  in  1931.  On  the  basis  of 
this  comparison  it  was  found  that  the  present  scheme  of  pre- 
classifying predicted  that  8.32  percent  of  all  the  excavation 
quantities  would  be  solid  rock,  whereas  final  estimates  considei 
9.36  percent  of  the  excavation  as  solid  ruck  an  overrun  of 
1.04  percent.  In  1931  preliminary  classification  predicted  21.79 
percent  solid  rock  whereas  final  classification  gave  8.87  percent 
or  an  underrun  of  12.92  percent.  Limiting  this  comparison  to 
15  projects  typical  of  the  more  difficult  area — the  Ozark  region — 
in  1932  final  classification  overran  the  predictions  3.13  percent, 
while  in  1931  there  occurred  an  underrun  of  24.14  percent. 
Although  this  analysis  is  far  from  complete,  it  does  express  the 
general  results  of  this  method  of  preclassifying  excavation  ma- 
terials. Predictions  arc  more  nearl}  accurate  than  formerly  and 
instead  of  the  tendency  to  greatly  overclassify  the  solid  rock 
present  trend  is  toward  slightly  undcrclassifying. 

PRINCIPLES  INVOLVED  IN  RESISTIVITY  MEASUREMENTS 
DISCUSSED 

The  principle  involved  in  making  earth-resistivity 
measurements  is  illustrated  infigure  1.  An  electric  cur- 
rent, /,  is  caused  to  flow  through  the  earth  between  two 
electrodes,  C,  and  C2.  Measurement  is  then  made  ol 
the  potential  drop,  E,  between  two  intermediate  elec- 
trodes, Pi  and  P2,  placed  in  line  with  C,  and  C2  and 
dividing  the  distance  (  ',(  \  into  :;  equal  pails,  .1,  termed 
the   electrode   spacing. 

In  191.5  Wenner  {11)  showed  that  with  this  I 
ti'ode  arrangement    the  specific   resistivity  of  a   homo- 
geneous medium  is  given  by  the  equation, 

i  Italic  numbers  in  pan  r  to  literature  cited  mi  p.  71 
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Figure  1. — Diagram    for    Use    in    Discussing    Theory    of 
Earth  Resistivity  Measurements. 
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where  A  is  expressed  in  centimeters.  The  specific  re- 
sistivity, p,  is  expressed  in  ohm-centimeters  and  denotes 
the  resistance  in  ohms  between  parallel  faces  of  a  centi- 
meter cube  of  the  material.  Where  .1  is  measured  in 
feet  we  may  write, 

P=\9lAj  (2) 

If  the  medium  is  not  homogeneous  the  indicated 
resistivity,  p,  represents  an  average  specific  resistivity 
of  the  material  bounded  by  the  equipotential  surfaces 
PiN]  and  P2N2  hut  its  value  is  determined  largely  by  the 
properties  of  the  material  near  the  surface  and  only 
slightly  by  the  material  at  a  relatively  great  depth. 
The  experience  of  numerous  investigators  is  rather  con- 
sistent in  showing  that  for  practical  depth  determina- 
tions the  materials  within  a  depth  equal  to  the  electrode 
spacing,  A,  largely  determine  the  value  of  p,  and  that 
materials  at  a  depth  greater  than  A  have  a  negligible 
influence,  on  the  value  of  p. 

Let  us  assume  in  figure  2  that  a  homogeneous  soil  of 
resistivity  pi  exists  to  a  depth  H  and  that  below  the 
horizon  H  a  material  of  greater  resistivity  p2  exists. 
If,  under  this  condition,  earth  resistivity  measure- 
ments are  made  with  different  values  of  electrode  spac- 
ing, A,  as  indicated  in  figure  1,  and  a  curve  is  plotted 
showing  the  relation  of  p  to  A,  as  in  figure  2,  we  find 
that  for  values  of  A  less  than  H  the  curve  ab  is  approxi- 
mately flat,  but  when  A  begins  to  exceed  H  the  influ- 
ence of  the  deeper  material  begins  to  affect  the  value 
p  and  the  curve  assumes  an  upward  trend  as  at  6. 
Rather  abrupt  changes  of  this  kind  are  often  obtained 
in  practice  and  afford  a  means  of  roughly  determining 
the  depth  to  a  change  in  material.  This  is  a  simple 
empirical  rule,  but  one  for  which  there  is  no  theoretical 
basis. 

Tagg  (10)  and  others  have  shown  that  from  theo- 
retical considerations  the  curve  in  figure  2  should  as- 
sume some  such  form  as  a'bcd  with  no  sharp  breaks 
or  inflections.  In  practice,  however,  and  especially  on 
shallow  work,  rather  sharp  inflections  are  frequently 
obtained  where  materials  of  different  resistivities  are 
concerned,  and  these  inflections  afford  a  simple  and 
satisfactory  means  of  ascertaining  the  approximate 
depth  where  the  change  in  material  occurs. 

Perhaps  a  more  common  occurrence  is  a  U-shaped 
curve  in  which  the  electrode  spacing  at  the  low  point 
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electrode  spacing  -a 
Figure  2. — Typical  Resistivity  Curve. 

is  taken  as  the  depth  to  a  change  in  material.  The 
descending  branch  of  the  curve  is  characteristic  of  many 
soils  in  which  a  decreasing  resistivity  occurs  with  in- 
crease in  depth.  Under  such  conditions  an  underlying 
strata  of  rock  or  gravel  is  indicated  quite  accurately  byi 
the  low  point  of  the  curve. 

VARIOUS  TYPES  OF  INSTRUMENTS  USED  FOR  RESISTIVITY 
MEASUREMENTS 

Three  types  of  instruments  are  being  used  for  earth 
resistivity  measurements,  and  each  has  its  advantages 
and  disadvantages.  As  the  men  who  are  often  called 
upon  to  do  this  class  of  work  are  more  likely  to  have 
had  technical  training  in  geology  or  civil  engineering 
than  in  electrical  science,  it  will  be  appropriate  to  discuss 
the  several  methods  and  instruments  currently  em- 
ployed, in  order  that  the  most  suitable  arrangement  of 
apparatus  may  be  selected  to  meet  any  particular  set 
of  requirements.  Before  discussing  the  instruments 
themselves,  it  will  be  well  to  consider  certain  inherent 
difficulties  that  are  encountered  in  earth-resistivity 
measurements. 

The  measurements  indicated  in  figure  1  are  not  as 
simple  as  they  are  here  made  to  appear.  Several 
sources  of  stray  currents  and  potentials  are  likely  to 
exist  and  must  either  be  eliminated  or  compensated  for 
if  an  accurate  determination  of  E,  the  potential  drop 
in  the  earth  between  P]  and  P2,  resulting  from  the 
current  /,  is  to  be  obtained.  These  sources  are,  (1) 
self  potentials  originating  in  local  mineral  deposits; 
(2)  natural  earth  currents  of  large  scope  but  not  often 
of  troublesome  magnitude;  (3)  local  stray  currents 
originating  from  street-railway  systems,  grounded 
power  circuits,  or  mine  railways.  These  are  usually 
variable  in  character  and  are  especially  troublesome 
near  large  city-railway  systems  or  interurban  electric 
lines.  Other  sources  are,  (4)  galvanic  and  polarization 
potentials  between  electrodes  Pi  and  P2;  (5)  galvanic 
potentials  originating  from  cinders,  coke,  or  filled 
ground  containing  bits  of  metal  or  other  foreign  ma- 
terials. 

In  addition  to  overcoming  these  stray-current  effects, 
it  is  necessary  to  avoid  taking  any  current  from  the 
electrodes  Pi  and  P2  while  making  a  measurement  of  E, 
as  a  flow  of  current  through  these  electrodes  will  distort 
or  upset  the  true  potential  difference  between  them 
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ssulting  from  the  flow  of  the  current  /.  This  latter 
xndition  is  usually  met  by  employing  a  potentiometer, 
hich  draws  no  current  from  the  potential  source  being 
leasured,  or  a  voltmeter  or  galvanometer  of  extremely 

igh  resistance  that  draws  a  negligible  current  from 
le  electrodes.     To  overcome  the  stray-current  effects 

is  customary  to  use  alternating  current  or  its  equiva- 
nt — a  periodically  reversed  current — as  stray-currenl 
Fects  are  essentially  unidirectional  and  are  not  re- 
)rded  on  the  instruments  that  measure  the  alternating 
f  periodic  current . 

In  his  original  paper,  Wenner  proposed  the  use  of 
ternating  current  supplied  from  a  transformer.  A  vi- 
ration  galvanometer  was  so  placed  in  the  circuit  as  to 
itect  a  balance  between  the  voltage  at  the  electrodes 
i  and  P2  and  that  on  a  measured  length  of  slide  wire 
ipplied  from  the  secondary  side  of  the  transformer. 

balance  was  indicated  when  no  current  flowed  through 
ie  galvanometer.  Such  apparatus  is  obviously  not 
lited  to  rapid  field  measurements. 

The  first  practical  application  of  the  four-electrode 
ethod  of  measuring  earth  resistivity  was  made  by 
IcCollum  (7)  of  the  B\ireau  of  Standards  in  a  study 
!  stray-current  electrolysis  on  underground  pipes  and 
tble  systems.  The  McCollum  earth-current  meter 
nbodies  a  dry  battery,  a  milliameter,  a  double  com- 
.utator,  and  a  voltmeter  having  a  resistance  of  1,000,- 
)0  ohms  per  volt.  Current,  after  passing  from  the 
ittery  thx'ough  the  milliameter,  is  commutated  at  a 
equency  of  aboiit  30  cycles  per  second  and  then  con- 
icted  to  the  two  current  electrodes.  This  periodic 
irrent  establishes  a  potential  difference  of  the  same 
equency  between  two  potential  electrodes.  Leads 
on i  the  potential  electrodes  are  carried  to  a  second 
>mmutator  mounted  on  the  same  shaft  with  the  cur- 
mt  commutator  and  in  phase  with  it.  The  effect  of 
lis  second  commutator  is  to  rectify  the  periodic  poten- 
al,  after  which  it  is  measured  on  the  direct-current, 
gh-resistance  voltmeter.  It  will  readily  be  seen  that 
ly  direct  stray  current  which  may  exist  in  the  earth 
lould  not  affect  the  direct-current  voltmeter  because 
'  having  first  passed  through  the  potential  commutator. 

A  set  of  four  electrodes  mounted  on  a  frame  as  a  unit, 
ith  a  3-inch  interval,  is  commonly  used  with  the  earth- 
lrrent  meter  in  the  study  of  stray-current  electrolysis, 
lthough  this  instrument  is  extensively  used  on  elec- 
olysis  work,  it  apparently  has  not  found  application  in 
jophysical  exploration.  There  is  no  reason,  however, 
hy  it  should  not  be  used  for  this  purpose  and  it  might 
x>ve  particularly  suited  to  shallow  determinations. 

Gish  (1)  of  the  Department  of  Terrestrial  Magnetism 
id  Atmospheric  Electricity  of  the  Carnegie  Institute 
odified  the  McCollum  earth-current  meter  and  meas- 
red  the  resistivity  of  large  volumes  of  earth.  His 
strument  embodied  a  larger  and  more  accurate  com- 
utator  than  that  employed  by  McCollum  and  he  sub- 
ituted  a  potentiometer  for  the  high-resistance  volt- 
ieter.  He  also  introduced  a  condenser  into  the 
)tential  circuit  to  block  the  passage  of  galvanic  and 
ray  direct  currents  from  the  ground  to  the  potent  iom- 
ier,  and  reduced  leakage  between  the  current  and  the 
Hential  circuits  by  the  addition  of  a  guard  ring.     This 

pe  of  apparatus  has  been  used  quite  extensively  for 

ophysical  explorations  during  recent  years. 

Another  instrument,  known  commercially  as  the 
inegger"  (4),  was  designed  primarily  to  measure  the 
tsistance  of  driven  and  buried  grounds  for  power  sta- 


ba-  220  volt    b  battery.  ma- ml  ll  i  ammeter 

c,&  cj-current  stakes.  p  -  potentiometer. 

p|,p2&  p3-non-polarizing  potential  electrodes, 
srreversing  switch  to  change  direction  of  current 

through  ground- 
s2-reversing  switch  to  potentiometer   terminals 
s3-switch  to  connect  pii  p3  or  p28.  p3  to  potentiometer 

Figure  3. — Circuit  Diagram  for  Earth   Resistivity 
Measurements. 

tions  and  electric  circuits,  but  is  also  used  successfully 
under  certain  favorable  conditions  for  subsurface  ex- 
ploration. It  embodies  a  hand-driven,  direct-current 
generator,  a  double  commutator  on  the  same  shaft  with 
the  generator,  and  a  single  indicating  instrument  known 
as  an  "ohmmeter."  By  a  special  arrangement  of  the 
coils  and  magnetic  circuit  this  meter  is  made  to  regis) a 

W 
the  ratio— r  and  thus  indicates  ohms  directly.     The  fad 

that  this  instrument  must,  of  necessity,  draw  current 
from  the  potential  electrodes  is  distinctly  a  disadvan- 
tage. The  error  is  not  serious  in  determinations  in- 
volving moderate  depths  if  the  contact  resistance  of  the 
potential  electrodes  is  kept  reasonably  low.  Sometimes 
it  is  necessary  to  use  water  and  rather  long  potential 
stakes.  If  accurate  values  of  resistivity  are  desired,  it 
is  necessary  to  measure  the  resistance  of  each  potential 
stake  to  ground  and  to  compute  certain  collection  fac- 
tors based  on  these  measured  resistances. 

Eve,  Keys,  and  Lee  (4)  of  the  Bureau  of  Mines  have 
shown  that  comparative  values  of  resistivity  as  obtained 
with  the  megger  are  often  subject  to  the  same  interpre- 
tations as  are  similar  data  obtained  by  more  precise 
methods.  An  improved  megger,  designed  especially 
for  geophysical  work,  and  embodying  a  potentiometer, 
is  said  to  be  available  now. 

METHOD   DEVISED    FOR    MAKING     RESISTIVITY    DETERMINATIONS 

RAPIDLY 

Among  the  several  methods  of  test  used  by  the  Bu- 
reau of  Mines  (.9)  is  that  embodying  a  simple  direct- 
current  circuit  with  a  reversing  switch  instead  of  a 
commutator.  Nonpolarizable  potential  electrodes  are 
also  substituted  for  the  conventional  iron  stakes.  Lee 
(5)  also  introduced  a  center  potential  electrode  with 
w  hich  it  is  possible  to  determine  underground  slopes  by 
making  independent  measurements  on  cither  side  of 
the  center.  This  type  of  apparatus  is  the  one  adopted 
and  used  by  the  Bureau  of  Public  Roads. 

Its  essential  features  are  shown  in  figures  3  and  4. 
Special  potential  electrodes  are  used  to  minimize  polar- 
ization and  galvanic  potentials.  They  consist  of  a 
copper  electrode  submerged  in  a  concentrated  solution 
of  copper  sulphate  in  an  unglazed  porous  cup.  Cups 
10  centimeters  hierh  and  5.2  centimeters  in  diameter 
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Figure  4. — Arrangement  of  Apparatus  for  Measuring  Electrical  Resistivity. 


are  used.  When  not  in  use  they  are  kept  in  an  earthen 
jar  containing  a  solution  of  copper  sulphate.  They 
should  not  be  brought  in  contact  with  metals.  Iron 
stakes  \}{  inches  in  diameter  and  about  2  feet  long  are 
used  for  current  electrodes. 

A  milliammeter  having  ranges  of  10,  50,  and  250  mil- 
liamperes  and  a  potentiometer  are  mounted  on  a  12-  by 
21 -inch  oak  board,  together  with  the  switching  arrange- 
ments shown  in  figure  4.  The  milliammeter  is  elevated 
to  the  same  level  as  the  face  of  the  potentiometer  and 
the  switches  are  installed  on  the  vertical  front  of  its 
support.  Leads  of  no.  18  lamp  cord  are  used.  These 
are  wound  on  4  brass  spools  which  are  mounted  on  a 
9-  by  12-inch  board.  This  unit  is  provided  with  a  flat 
bayonet  attachment  by  which  it  is  mounted  on  the  back 
of  the  instrument  unit  when  in  operation.  Another 
unit  containing  batteries,  and  two  folding  camp  stools 
completes  the  equipment.  The  battery  box  provides  for 
9  "B"  batteries  of  22^  volts  each,  with  additional  space 
for  tapelines,  connecting  leads,  and  porous  cups.  Two 
leads  connect  the  battery  to  the  instrument,  and  a  dial 
switch  on  the  top  of  the  battery  box  enables  any  num- 
ber of  the  units  to  be  connected  in  circuit.  Plugs  and 
jacks  are  used  to  connect  the  lead  terminals  and  the 
battery  to  the  instrument,  and  small  battery  clips  are 
used  to  connect  the  leads  to  the  ground  electrodes. 

To  eliminate  the  effect  of  any  stray  ground  current 
of  a  constant  and  unvarying  character,  readings  are 
taken  with  the  test  current  flowing  through  the  ground, 
first  in  one  direction  and  then  in  the  other.  The  revers- 
ing switch,  Si,  is  used  to  reverse  current  direction. 
Potential  drop  readings  are  taken  between  P3  and  Pi 
and  between  P3  and  P2  for  both  directions  of  current 
flow.  Four  values  of  current  and  four  values  of  poten- 
tial drop  are  thus  obtained  for  each  electrode  setting, 
and  from  these  data  four  values  of  R  are  computed 

W 
with  the  formula  R=-j-     Resistivities  are  computed  by 

substituting  in  equation  2  after  adding  the  two  values 
of  R  obtained  on  either  side  of  the  center.     If  the  two 


values  of  R  are  averaged,  then  a  constant  of  382  in- 
stead of  191  must  be  used  in  equation  2.  By  repeating, 
these  measurements  for  a  series  of  electrode  spacings- 
it  is  possible  to  construct  two  resistivity  curves  as  showr 
in  B,  C,  D,  and  E,  figure  5,  which  apply  along  the  lin( 
of  test  on  either  side  of  the  center  electrode. 

A  fairly  rapid  technic  has  been  developed  which 
enables  2  engineers  and  2  helpers  to  make  from  10  t( 
20  shallow  tests  per  day.  By  shallow  tests  is  mean 
those  involving  such  depths  as  are  encountered  in  high 
way  grading  through  rough  country  and  requiring  fron 
6  to  20  measurements  at  each  test  location.  An  elec 
trode  spacing  of  3  feet,  or  multiples  thereof,  has  beei 
adopted  as  standard  and  both  current  and  potentia 
stake  locations  are  marked  on  the  plain  side  of  twc 
100-foot  linen  tape  lines  to  conform  to  a  3-foot  interval 
Potential  electrode  locations  are  marked  by  consecutivi 
numbers  in  red  while  every  third  position  is  marke( 
consecutively  in  black  to  indicate  current  stake  posi 
tions.  The  end  links  of  the  two  tapelines  are  brough 
together  at  the  center  point  of  the  test  and  a  surveyor' 
iron  pin  stuck  through  them  and  into  the  ground 
The  tapelines  are  then  run  out  to  their  full  length  ii 
either  direction  and  pinned  to  the  ground  in  a  tau 
position.  With  1  man  to  read  the  instruments,  1  1 
record  the  data  and  compute  the  resistivities  with 
slide  rule,  and  2  helpers  to  move  the  electrodes  progres 
sively  from  point  to  point,  it  is  possible  to  run  a  60-foo  I 
depth  test  in  from  30  to  40  minutes. 

EQUIPMENT  LOW  IN  COST  AND  GIVES  ACCURATE  RESULTS 

The  curves  are  plotted  before  moving  and  any  irregu  • 
larities  are  checked  on  both  paper  and  ground  befon 
leaving  the  set-up.  Sometimes  it  is  desirable  to  obtai 
additional  points  on  the  curves  in  order  to  definitel ' 
establish  the  points  of  inflection.  By  this  procedur) 
it  is  usually  possible  to  obtain  fairly  smooth  and  cor- 
sistent  curves.  No  sharp  inflections  have  been  foun  I 
except  at  shallow  depths.  The  jagged  and  pointe  1 
curves  reported  by  some  investigators  for  depths  cfl 
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GROUP  A 

1-  GATE  ENTRANCE  AT  PANORAMA,  EARTH  ANO  SMALL  STONES. 

2-  0.267  MILES,  STONY  SOIL. 

3-0.604  MILES,  IN  GUTTER  AT  HEAVY  ROCK  CUT. 


4-1.415  MILES,  CONTINUOUS  ROCK,  SEAMED  AND  BROKEN. 
5-1.56   MILES,  EARTH  BANK  WITH  STRATUM  OF  BOULDERS 

AT  10  FEET. 
6-1.605  MILES,  SOLID  ROCK  CUT. 


10--  1.91  MILES,  EARTH  WITH  LOOSE  ROCK  AND  BOULDERS 

13-3.04  MILES,  ROCK  CUT. 

31  -  NORTH  OF  PANORAMA,  EARTH 


Figure  5. — Results  of  Earth  Resistivity  Measurements. 


several  hundred  feet  cannot  be  reconciled  with  either 
theory  or  careful  practice. 

Some  trouble  from  stray  current  from  electric  rail- 

|  ways  has  been  encountered  in  and  near  Washington 

i  when  attempting  depth  measurements  in  excess  of  about 

I  50  feet.     This  difficulty  can  usually  be  met  by  using 

sufficiently  large  test  currents  to  mask  the  effects  of  the 

;  variations  in  the  stray  currents  and  by  taking  the  aver- 

,  age  of  several  readings  for  each  electrode  interval.     It 

.  seems  probable,  however,  that  active  stray  currents  will 

.  preclude  the  use  of  this  method  of  measurement  for 

\  depths  in  excess  of  100  to  200  feet.     To  compensate  for 

this  disadvantage  there  are  a  number  of  advantages 

that  make  this  so-called  "porous-cup"  method  of  test 

preferable   to  all  others.     These  include  low  cost  of 

equipment  and  high  accuracy  under  a  wide  range  of 

depths  and  resistivities. 

When  working  in  soils  of  unusually  high  resistivity, 
especially  during  dry  periods,  it  is  sometimes  difficult 
to  get  enough  current  through  the  potential  electrodes 
to  operate  the  megger  and  other  commutator  devices. 
Even  though  a  potentiometer  is  used  in  the  potential 
circuit,  the  small  amount  of  current  required  to  charge 
the  leads  is  sometimes  sufficient  to  upset  the  normal 
potential  relations.  The  only  effect  of  such  a  condition 
when  using  the  porous-cup  method  is  a  reduced  sensi- 
tivity of  the  potentiometer  galvanometer  caused  by  th  > 
high  resistance  of  the  circuit.  However,  as  no  current 
is  actually  drawn  from  the  potential  electrodes,  a  satis- 
factory balance  is  always  obtained.  The  porous  cups 
are  placed  directly  on  the  ground  surface.  Leaves, 
grass,  and  trash  are  usually  removed.  Unless  the  soil 
s  dust-dry,  no  difficulty  is  encountered  in  obtaining 
atisfactory  readings.  With  other  types  of  apparatus 
t  is  often  necessary  to  water  the  electrodes  or  drive 
them  to  a  considerable  depth.  One  case  is  report  e  1 
where  potential  stakes  12  feet  in  length  were  used  in 
connection  with  megger  tests. 

The  paper  and  slide-rule  work  involved  in  the  porous- 
-up  method  is  somewhat  greater  than  with  other  meth- 


ods of  test  because  of  the  necessity  of  making  four  sets 
of  observations  for  each  electrode  interval.  With  the 
Gish-Rooney  apparatus  only  two  sets  of  readings  arc 
necessary,  while  with  the  megger  no  division  operations 
are  required  as  the  instruments  indicate  ohms  directly. 
It  is  necessary,  however,  to  multiply  the  megger  read- 
ings by  a  constant  and  by  the  electrode  spacing  to  obtain 
actual  resistivity  values. 

As  to  weight  and  portability,  the  megger  and  the 
earth-current  meter  are  about  on  a  par,  and  both  are 
considerably  lighter  than  either  the  Gish-Rooney  or  the 
porous-cup  apparatus.  None  of  the  instruments  re- 
quire very  accurate  leveling.  The  Gish-Rooney  appa- 
ratus is  scientifically  more  accurate  than  any  of  the 
others  and  will  perhaps  yield  satisfactory  data  for  a 
greater  variety  of  conditions  than  the  others.  For  the 
relatively  shallow  depths  encountered  in  highway  con- 
struction, as  well  as  for  deeper  determinations  where 
st lay-current  disturbances  are  absent,  the  porous-cup 
apparatus  appears  to  be  entirely  satisfactory  and  is 
favored  because  of  its  low  cost  and  its  simplicity  of 
construction  and  operation. 

FIELD  TESTS  MADE  WITH  RESISTIVITY  APPARAT1  S 

Resistivity  measurements  carried  out  by  the  Bureau 
of  Public  Roads  have  been  confined  largely  to  experi- 
mental studies  of  known  formations  for  the  purpose  of 
developing  suitable  apparatus  and  methods  of  test  and 
to  determine  the  conditions  under  which  this  method 
of  exploration  may  be  of  value  in  planning  highway  and 
bridge  construction.  Army  engineers  have  made  many 
borings  in  and  about  Washington  in  connection  with 
the  planning  of  bridges  and  other  structures  and  these 
data  afforded  an  excellent  opportunity  to  cheek  resis- 
tivity tests  against  the  logs  of  these  borings. 

A  period  of  several  weeks  was  spenl  along  the  pro- 
jected route  of  the  Skyline  Drive  in  the  Shenandoah 
National  Park,  on  both  graded  and  ungraded  sections. 
Preliminary    asurements  were   made   opposite  cuts 


62 


PUBLIC    ROADS 


Vol.  16,  no.  4 


along  graded  sections  prior  to  working  along  sections 
where  grading  was  soon  to  begin.  Part  of  the  route  on 
which  measurements  were  made  was  examined  after 
the  grading  had  been  completed  and  comparisons  made 
between  the  field  notes  and  the  exposed  cuts.  Figure  5 
shows  a  few  of  the  many  resistivity  curves  obtained. 
The  curves  in  group  A,  figure  5,  were  all  made  along- 
graded  sections  of  the  Skyline  Drive,  while  curves 
B,  C,  D,  and  E  were  obtained  near  Washington.  In 
group  A  only  one  of  the  two  curves  obtained  at  each 
location  is  shown. 

Perhaps  the  most  significant  features  brought  out  by 
these  studies  are  the  wide  range  in  resistivities  of  both 
soil  and  rock  encountered  within  a  comparatively  lim- 
ited area,  and  the  lack  of  uniformity  and  regularity 
in  the  upper  layers  of  the  earth's  crust.  Soil  resistivi- 
ties often  vary  enormously  from  hill  to  hill,  and  adjacent 
mountains  may  exhibit  distinctly  different  character- 
istics with  respect  to  soil  and  rock.  Igneous  intrusion, 
sedimentation,  erosion,  faulting,  weathering,  folding, 
and  other  geologic  forces  have  contributed  to  make  the 
earth's  surface  so  erratic  and  irregular  in  its  composi- 
tion that  no  systematic  continuity  of  materials  is  to  be 
found,  especially  in  rough  or  mountainous  areas.  Be- 
cause of  these  conditions,  the  interpretation  of  resis- 
tivity measurements  is  often  indefinite  or  uncertain  and 
frequent  correlations  with  known  conditions  should  be 
made  wherever  possible. 

Figure  5  shows  the  enormous  range  in  resistivities 
encountered  within  the  space  of  a  few  miles  along  the 
Skyline  Drive.  In  spite  of  this  wide  range  in  resistivity 
the  shape  of  the  curve  can  usually  be  depended  upon  to 
indicate  the  character  of  the  underlying  material. 
Flat  or  drooping  curves  such  as  1,  2,  5,  10,  and  31, 
usually  indicate  earth  or  loose  rock,  while  ascending 
curves  such  as  6,  3,  13,  and  4,  indicate  the  presence  of 
rock.  Near  Front  Royal,  Va.,  some  20  miles  north  of 
Panorama,  resistivity  values  for  both  soil  and  rock  are 
much  lower  than  those  shown  in  figure  5.  Earth 
resistivity  as  low  as  6,000  ohm-centimeters  was  found 
at  an  elevation  of  1,000  feet,  as  against  values  of  100,000 
to  400,000  ohm-centimeters  near  Panorama  at  an 
elevation  of  more  than  2,000  feet. 

Rock  resistivity  was  also  found  to  vary  over  wide 
limits,  and  in  one  location  was  so  low  as  to  fail  to  give 
indication  of  its  presence.  Although  not  all  of  the  10 
miles  of  right-of-way  explored  has  been  examined  sub- 
sequent to  grading,  enough  has  been  checked  to  prove 
that  such  tests  should  provide  highly  valuable  infor- 
mation to  bidders  and  contractors. 

Precise  classification  cannot  be  expected  but  it  should 
be  possible  to  identify  2  and  possibly  3  kinds  of  ma- 
terial, such  as  earth,  broken  or  loose  rock,  and  consoli- 
dated rock.  After  all,  the  contractor  is  primarily 
interested  in  knowing  if  he  can  handle  the  material  with 
his  shovel  or  whether  he  mil  need  to  resort  to  blasting. 
The  resistivity  test  can  give  him  the  answer  in  the  great 
majority  of  cases. 

Curves  B,  C,  D,  and  E,  in  figure  5,  were  made  in  an 
area  near  Washington  where  rock  depths  had  been 
determined  by  a  large  number  of  test  pits  and  borings. 
Curves  B  and  D  are  typical  of  most  of  the  area  where 
good  checks  were  obtained  by  taking  the  electrode 
spacing  at  the  lowest  point  on* the  curve  as  the  depth 
to  rock.  However,  in  a  few  instances  curves  like  those 
shown  in  C  were  obtained.  In  such  locations  the  rela- 
tive resistivities  of  the  different  strata  are  such  as  to 
obscure  the  location  of  the  rock. 


Curve  E  was  obtained  at  the  south  abutment  of  the 
Arlington  Memorial  Bridge  where  the  bed  rock  is 
known  to  be  about  35  feet  from  the  surface.  Although 
there  is  undoubtedly  a  great  difference  between  the 
resistivity  of  the  overlying  muck  and  that  of  the  rock, 
the  sharp  inflection  in  these  curves  is  somewhat  sur- 
prising and  in  strong  contrast  with  other  measurements 
along  the  Potomac  River  where  positive  identification 
of  the  rock  at  depths  of  from  40  to  70  feet  has  not  been 
possible.  As  the  changes  in  curvature  occur  in  the 
curves  representing  conditions  east  and  west  of  the 
reference  point,  they  cannot  logically  be  attributed  to 
local  surface  conditions  near  the  current  stakes. 

RESISTIVITY  ABOUT  A  SINGLE  ELECTRODE  DISCUSSED 

The  single-electrode  method  of  measuring  earth 
resistivity,  that  has  found  favor  with  some  investigators, 
is  illustrated  in  figure  6.  If  a  currrent,  /,  is  made  to 
flow  through  the  earth  between  electrodes  Ci  and  C2,  we 
may  assume  that  the  flow  of  current  from  Ci  into  a 
homogeneous  soil  will  be  radial  if  C2  is  at  a  compara- 
tively great  distance  from  Ci.  With  a  radial  flow  ol 
current  from  Ci  we  can  express  the  resistivity  of  the 
medium  by  the  equation 

'=191f^ (3) 

where  E  is  the  potential  drop  between  the  two  equi- 
potential,  hemispherical  shells  P2P3  and  P2P4,  and  r} 
and  r2  are  expressed  in  feet.  The  material  for  which  (. 
is  obtained  is  that  enveloped  between  the  two  con- 
centric shells  and  designated  by  shading  in  figure  6, 
By  progressively  increasing  rx  and  r2  and  measuring 
the  potential  drop,  P^  or  P3P4,  a  curve  is  obtained 
showing  the  relation  of  p  to  r2.  This  curve  will  be 
similar  to  that  obtained  by  the  4-electrode  method  and 
is  supposed  to  indicate  changes  in  material  in  the  same 
manner,  since  the  material  included  in  the  test  has  a 
depth  equal  to  r2. 

As  rx  and  r2  are  increased,  the  equipotential  shells  de- 
viate more  and  more  from  a  true  hemisphere  because 
the  current  stake  C2  is  not  at  an  infinite  distance  from 
Ci.  The  error  introduced  by  the  dissymmetry  of  the 
electric  field  about  C!  is  shown  by  the  curves  of  figure  7 
and  is  seen  to  be  greater  in  the  direction  toward  C2  than 
away  from  it.  For  this  reason  it  is  preferable  to  make 
potential  difference  measurements  at  P3P4  rather  than 
at  P,P2. 

One  advantage  that  has  been  claimed  for  this  method 
of  test  is  that  the  current  stakes  remain  fixed  during 
any  depth  test  and  therefore  the  results  are  not  subject 
to  the  influence  of  local  surface  variations  near  the  cur- 
rent stakes,  as  may  occur  with  the  4-electrode  method, 
In  the  work  described  here,  this  method  was  not  inves- 
tigated to  any  great  extent  but  in  the  few  comparative 
tests  which  have  been  made  between  the  two  methods, 
the  4-electrode  method  was  found  to  give  the  smoother 
and  more  consistent  curves. 

SEISMIC  METHOD  BASED    ON  DIFFERENCES  IN  SPEED    OF   SOUND 
WAVES  THROUGH  SOIL  AND  ROCK 

In  using  the  seismic  method  of  exploration  advantage 
is  taken  of  the  wide  difference  in  the  acoustic  properties 
of  plastic  and  granular  matter  on  the  one  hand  and  rigid 
or  consolidated  matter  on  the  other.  Nonrigid  mattei 
such  as  sand,  clay,  or  gravel  transmits  wave  disturb- 
ances, commonly  called  sound  waves,  at  velocities  ol 
1,000  to  6,000  feet  per  second,  while  rigid  materials  like 
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Figure  6. — Resistivity  About  a  Single  Electrode. 

rock  or  crystalline  matter  transmit  such  disturbances  at 
16,000  to  20,000  feet  per  second.  Here,  then,  we  have 
a  means  of  measuring  directly  that  property  of  sub- 
surface materials  with  which  the  engineer  is  concerned, 
namely,  rigidity,  while  the  resistivity  method  is  used  in 
attempts  to  measure  this  property  indirectly  or  through 
its  somewhat  questionable  relation  to  electrical  resis- 
tivity. The  seismic  method  is,  therefore,  more  definite 
in  the  identification  of  solid  rock  than  is  the  resistivity 
method  but  cannot  readily  be  used  to  distinguish  be- 
tween clay  and  coarse  sand  or  gravel,  as  can  often  be 
done  with  the  resistivity  method. 

In  view  of  the  success  with  which  the  seismic  method 
of  exploration  has  been  applied  to  oil  prospecting,  and 
in  view  of  the  fact  that  it  is  distinctly  the  most  favored 
of  all  geophysical  methods,  it  is  somewhat  surprising 
that  it  has  not  heretofore  been  adapted  to  relatively 
shallow  determinations.  Perhaps  the  reason  for  this  is 
to  be  found  in  the  array  of  apparatus  and  equipment 
ordinarily  required  and  the  cost  of  such  operations  as 
commonly  carried  out.  The  Oil  and  Gas  Journal,  re- 
ferring to  recently  developed  seismic  reflection  equip- 
ment for  geophysical  prospecting,  says:  "It  consists 
mainly  of  two  separate  units,  the  recording  truck  and 
the  firing  car.  The  recording  truck  contains  the  seis- 
mometers or  pick-ups  (ordinarily  6),  the  amplifiers,  and 
batteries,  wire  reels,  the  camera,  as  well  as  field  tele- 
phone, and  various  other  accessories.  The  firing  car 
contains  explosives,  firing  box,  double  reel,  and  tele- 
phone for  cross  communication  with  the  recording 
truck.  A  drilling  truck  and  water  car  are  ordinarily 
added." 

Anyone  contemplating  this  array  of  cars  and  equip- 
ment might  well  question  the  practicability  of  the 
method  as  a  substitute  for  the  soil  auger  or  other  rela- 
tively simple  methods  of  exploring  shallow  depths. 
Such  equipment  may  be  justified  where  the  discovery 
of  a  new  oil  field  may  mean  large  profits  to  the  operator 
but  can  it  be  applied  efficiently  in  making  less-important 
discoveries? 

SEISMIC  APPARATUS  GREATLY  SIMPLIFIED  FOR   USE  IN  SHALLOW 

WORK 

It  was  believed  that  a  large  part  of  the  equipment 
required  for  deep  prospecting  could  be  eliminated  or 
greatly  simplified  in  an  apparatus  designed  primarily 
for  relatively  shallow^  work,  and  that  a  so-called  "vest- 
pocket"  model  of  the  more  extensive  apparatus  could 
be  constructed  to  meet  these  requirements.  The  most 
important  difference  between  deep  and  shallow  explora- 
tion is  the  relatively  short  shooting  distances  involved 
in  the  latter  and  this  has  made  the  simplification  of 
apparatus  possible.  Telephonic  communication  be- 
tween shot  point  and  recorder  is  not  needed  and  most 
of    the    cumbersome    wire    and   reels    are    eliminated. 
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Figure  7. — Error  in  Single-Electrode   Method. 

Only  small  charges  of  explosives  are  required  and  these 
can  be  placed  in  a  1%-inch  soil-auger  hole,  thus  elimi- 
nating the  heavy  drilling  equipment  required  in  deep 
work.  The  short  shooting  distances  also  permit  the 
use  of  less  sensitive  instruments  and  amplifying  equip- 
ment is  not  needed. 

With  these  modifications  in  mind  apparatus  w;is 
assembled,  consisting  of  a  3-element  oscillograph  with 
camera  for  photographic  recording,  3  microphonic 
detectors  or  pick-ups  and  two  6K-inch  spools  of  wire. 
Accessories  consist  of  2  camp  stools,  one  4-foot  soil  auger, 
4  no.  6  dry  cells  or  a  small  storage  battery,  1  developing 
tank  with  developing  and  fixing  solutions,  and  1  changing 
bag.  The  whole  outfit,  together  with  a  crew  of  'A  men, 
can  be  carried  in  a  small  car  and  can  be  set  up  for  opera- 
tion in  about  10  minutes. 

The  laborious  calculations  in  the  application  of 
involved  formulas  often  necessary  in  deeper  determina- 
tions can  be  dispensed  with  where  shallow  structures 
are  concerned,  and  in  their  place  a  simple  equation 
substituted,  requiring  only  a  mental  calculation  or,  at 
most,  a  slide-rule  operation  for  its  solution. 

The  essential  units  of  the  apparatus  used  are  shown 
in  figures  8  and  9.  The  detectors  seen  at  the  right  in 
figure  8  are  of  the  microphonic  type  and  consist  of 
four  microphone  buttons  connected  in  parallel  and 
mounted  with  axes  vertical.  The  mica  diaphragms 
have  been  replaced  with  dental  rubber  diaphragms 
that  carry  polished  carbon  disks.  These  lower  elements 
of  the  buttons  are  carried  on  a  ring  that  is  integral  with 
a  floating  inertia  weight  in  which  gravity  is  balanced 
by  a  helical  spring  about  3  inches  long  mounted  in  the 
vertical  neck  of  the  detector.  Lateral  alinemenl  is 
maintained  by  a  thin  steel  spider  diaphragm  and  stops 
limit  the  vertical  movement  of  the  inertia  weighl  to 
less  than  one-sixteenth  inch.  The  upper  element  of 
the  button  consists  of  a  conical  carbon  chamber  with 
polished  surfaces  and  containing  carbon  granules. 

The  resistance  of  this  assembly  changes  enormously 
with  the  slightest  disturbance,  thus  making  it  a  detector 
of  exceptionally  high  sensitivity.  While  it  is  subject 
to  some  of  the  inherent  defects  of  the  carbon  micro- 
phone, it  is  perhaps  the  only  type  of  detector  that  can 
be  used  in  the  Held  successfully  without  amplifiers. 
This  feature  makes  it  particularly  suited  to  shallow 
exploration  work  where  simplicity  and  portability  are 
of  first  importance. 

When  in  operation  each  detector  carries  a  current  "!' 
from  5  to  10  milliampers  supplied  from  dry  cells  or  a 
small  storage  battery.  This  current  passe9  through 
the  primary  coil  of  a  transformer;  the  secondary  coil  is 
in  series  with  a  galvanometer  of  the  oscillograph  type. 
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The  galvanometer,  therefore,  responds  only  to  a  change 
of  current  in  the  detector. 

The  galvanometers  are  of  the  coil  type  having  a  direct- 
current  sensitivity  of  about  4  milliamperes  per  inch  of 
deflection  at  10  inches  and  an  undamped  frequency  of 
1,200  cycles  per  second.  The  elements,  carrying  small 
reflecting  mirrors,  are  damped  in  oil.  An  optical  sys- 
tem directs  light  from  a  2.5  ampere,  4-volt,  straight- 
filament  lamp  to  the  galvanometer  mirror,  from  where 
it  is  reflected  and  brought  to  a  point  focus  in  the  plane 
of  a  moving  photographic  film. 

Time  lines  on  the  film  are  obtained  from  "peep  slits" 
carried  on  the  tines  of  an  electrically  driven  tuning  fork 


customary  to  cut  the  film  after  every  third  or  fourth 
shot. 

Standard,  supersensitive,  motion-picture  film  is  used 
as  it  was  found  that  less-sensitive  film  did  not  give 
sufficiently  dense  traces.  Records  are  developed  in  a 
dark  room  when  convenient,  or  in  a  Leitz  developing 
tank  in  the  field.  A  changing  bag  is  needed  in  trans- 
ferring the  exposed  film  from  the  camera  to  the  develop- 
ing tank. 

This  equipment,  with  the  exception  of  the  detectors, 
was  built  in  the  shop  of  the  bureau,  after  purchasing 
such  items  as  galvanometers,  tuning  fork,  lenses,  and 
minor  electrical  supplies. 


Figure  8. — Electrical  Seismograph  Set  Up  for  Field  Use. 


that  vibrates  at  a  normal  frequency  of  100  cycles  per 
second.  The  slits  are  one-half  inch  long  and  0.01  inch 
wide  and  coincide  in  the  neutral  position  of  the  fork 
and  therefore  give  two  lines  for  each  complete  cycle  of 
the  fork.  The  timing  requires  an  independent  lamp  and 
optical  system  with  the  exception  of  the  cylindrical 
lens  (mounted  immediately  in  front  of  the  film)  which 
is  common  to  both  light  systems. 

The  camera  used  for  moving  the  film  is  an  adapta- 
tion of  a  Sept  camera,  an  obsolete,  amateur  motion- 
picture  camera  of  French  manufacture,  which  carries  a 
35-millimeter  film.  A  direct  drive  was  substituted  for 
the  intermittent  motion  and  other  necessary  changes 
were  made.  A  spring  motor  drives  the  film  at  approxi- 
mately 2  feet  per  second.  The  film  attains  its  maximum 
speed  almost  instantly  upon  starting  the  motor  and  per- 
mits a  record  to  be  obtained  with  a  film  consumption  of 
about  18  inches.  A  numbering  lamp  and  two  dials  of 
perforated  numbers  were  installed  in  the  camera  and 
make  it  possible  to  number  films  photographically  from 
0  to  99.  This  feature  enables  definite  identification  of 
records  after  development.  A  film  cutter  operated  by 
a  trigger  is  provided  to  cut  the  film  whenever  desired. 
As  the  developing  tank  accommodates  6  feet  of  film  it  is 


DETERMINATIONS  BASED  ON  ELEMENTARY  PRINCIPLES 

Two  methods  of  seismic  exploration  that  are  in 
common  use  are  known  respectively  as  reflection  shoot- 
ing and  refraction  shooting.  These  terms  have  the 
same  significance  in  geophysics  that  they  do  in  optics, 
as  the  mathematical  theory  of  transmission  of  sound- 
waves through  solids  and  liquids  is  based  largely  on 
the  well-known  laws  of  optics.  In  reflection  shooting 
the  interpretations  are  based  on  waves  that  are  reflected 
directly  from  different  strata  under  investigation,  while 
in  refraction  shooting  it  is  the  refracted  waves  that 
are  studied.  As  reflection  shooting  is  not  well  adapted 
to  shallow  explorations,  no  further  space  will  be  given 
to  description  of  that  technique. 

The  principles  involved  in  refraction  shooting  are  illus- 
trated in  figures  9  and  10.  A  blasting  cap  or  small  charge 
of  dynamite  is  exploded  at  or  under  the  surface  of  the 
ground  at  some  point,  S,  which  becomes  the  center  of 
a  wave  disturbance  that  moves  outward  on  a  spherical 
or  near-spherical  front  in  all  directions.  Detectors 
Di,  D2,  and  D3,  placed  on  a  line  passing  through  S, 
pick  up  this  disturbance  successively  and  carry  the 
impulses  to  three  galvanometers  that  record  them  as 
light  traces  on  a  moving  photographic  film . 
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11 


TIME  OF  EXPLOSION 

Figure  9. — Sketch    Showing    Fundamental    Principles    of    Seismographs    Method. 


'///mj/zm   ' 

vr=velocity  in  rock  rock 

Figure  10. — Wave  Propagation  in  Seismic  Exploration. 

A  small  wire  is  wound  around  the  blasting  cap  and 
arranged  so  that  when  it  is  broken  by  the  explosion 
an  initial  kick  or  impulse  is  given  to  the  three  galvanom- 
eters and  the  time  of  the  explosion  is  thereby  indicated 
on  all  three  traces.  As  the  wave  front  moves  outward 
from  S,  its  time  of  arrival  at  each  of  the  three  detectors 
is  indicated  on  the  moving  film  by  disturbances  in  the 
traces  as  shown  in  figures  12,  13,  and  14.  By  counting 
the  number  of  time  units  between  the  initial  kick  and 
the  arrival  of  the  wave  at  each  detector,  it  is  possible 
to  calculate  the  average  velocity  of  wave  propogation 
from  shot  point  to  each  detector.  From  data  of  this 
kind  it  is  usually  possible  to  determine  with  a  fair 
degree  of  accuracy  the  depth  to  the  first  strata  of  rigid 
or  consolidated  rock  and  to  obtain  other  information 
of  value  regarding  the  character  of  the  subsurface 
material. 

Referring  to  figure  10,  the  path  of  the  first  wave  to 
reach  any  detector  will  depend  upon  the  ratio  of  the 
shooting  distance,  L,  to  the  depth  to  rock,  II,  and  also 
upon  the  relative  velocities  of  wave  propagation  in  the 
two  media.  If  the  shooting  distance  is  relatively  shorl , 
such  as  Lu  the  path  of  the  first  disturbance  to  reach 
Di  will  be  directly  through  the  soil  as  indicated.  The 
velocity  of  the  wave  through  the  earth  can  then  be 
calculated  from  the  equation, 


Ve= 


k 


(4) 


160  200 

SHOOTING     DISTANCE     ' 


Figure  11. — Relation  Between  Velocity  of  Sound  Waves 
Through  Earth  as  Obtained  with  the  Electrical 
Seismograph. 

As  the  shooting  distance  is  increased,  a  point  such  as 
D2  will  be  reached  where  the  wave  first  to  arrive  will 
no  longer  be  that  going  directly  through  the  top  soil 
but  that  taking  the  path  of  the  refracted  wave  SPP2D2. 
Subsequent  disturbances  will  reach  detector  D2  by 
various  paths  but  as  only  the  first  arrival  can  be  defi- 
nitely identified  on  the  film  record  it  is  necessary  to 
base  interpretations  solely  on  so-called  "first  event 
Likewise  the  first  wave  to  reach  U3  will  be  by  the  path 
SPP3D3.  By  measuring  the  time  difference  T3—  T2  and 
the  distance  L3—L2  wo  are  able  to  calculate  the  velocity 
of  wave  propagation  through  the  rock  from  the 
equation, 


This  relation  is  obvious  from  the  fact  thai  the  tune 
difference  Tz—T2  is  taken  up  by  the  travel  of  the  wave 
through  the  rock  from  P2  to  P3,  since  that  part  of  the 
path  SPP2  is  common  to  both  circuits. 
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We  are  now  able  to  write  the  equation  by  which  H, 
the  depth  to  rock,  can  be  calculated  from  known  quan- 
tities. This  is  based  on  the  fact  that  T3,  the  total 
time  of  travel  of  the  wave  from  S  to  D3,  is  the  sum  of 
the  combined  times  of  wave  travel  over  the  path 
SPP3D3.  Although  refraction  of  the  wave  at  the 
point  P  is  supposed  to  take  place  at  the  angle  of  total 
internal  refraction,  we  may  assume  with  negligible 
error  under  practical  conditions  that  this  angle  is 
90°  and  that  the  distance  PP3  is  equal  to  L3.  With 
this  assumption  we  may  write, 


Tz—  XT     +    T7     +T7 


H 
V 


H_2H,U 

vTi  vrvrv, 


(6) 


oyH= 


VeT3     1  eL3 


2Vt 


When  the  distance  L3  is  of  such  value  that  the  direct 
wave  through  the  earth  reaches  detector  D3  at  the 
same  time  as  the  refracted  wave,  it  is  said  to  be  the 
critical  distance  and  we  may  write, 


T3=^ 


'2H.L3 

r;+rror 


H- 


(>4:) 


and 


2H 


(8) 


1- 


Vr 


For  best  results,  when  determining  depths  to  rock, 
L  should  not  be  greatly  in  excess  of  the  critical  distance. 
As  a  fairly  close  approximation  we  may  say  that  for 
values  of  Ve  and  Vt  usually  found,  H=0A5  L,  or  L= 
2.2  H,  where  L  is  the  critical  shooting  distance. 

Various  modifications  of  the  technique  just  described 
are  sometimes  necessary  to  determine  slopes,  domes, 
and  other  irregularities  in  underground  structures. 
The  depth  to  rock,  H,  as  given  in  equation  7,  is  really 
the  average  of  the  depth  at  the  shot  and  that  at  the 
detector.  By  shooting  near  one  end  of  a  line  of 
detectors  and  then  near  the  other  end  an  estimate  of 
the  slope  can  be  obtained.  "Circle  shooting"  is 
another  means  of  studying  subsurface  irregularities. 
With  this  method  two  or  more  detectors  are  placed  on 
the  arc  of  a  circle  having  a  radius  greater  than  the 
critical  distance  and  the  shot  is  placed  at  the  center. 
The  order  in  which  the  waves  reach  the  detectors 
will  indicate  the  relative  rock  depths  under  them,  the 
shorter  time  indicating  the  shallower  rock. 

Equation  5  cannot  always  be  relied  upon  to  give  very 
accurate  values  of  Vr  because  of  the  difficulty  of  obtain- 
ing an  accurate  measure  of  the  time  interval  T3-T2 
from  the  film  record.  If  the  detectors  are  placed  20 
feet  apart  the  time  interval  representing  a  velocity  of 
18,000  feet  per  second  in  the  underlying  rock  will  be 
only  0.0011  second,  or  a  distance  of  about  0.0264  inch 
on  a  film  moving  at  a  speed  of  2  feet  per  second. 

It  is  obvious  that  slight  differences  in  the  performance 
of  different  detectors  and  errors  in  picking  the  exact 
time  of  breaks  on  the  traces  will  make  it  impossible 
to  determine  velocities  in  rock  by  the  use  of  closely 
placed  detectors.     Fortunately,  the  term  in  equation  7, 
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CALCULATION  OF  DEPTH  TO  ROCK 

SHOOTING  DISTANCES.  [_i=50  FEET.  1.2  =  100  FEET.  L3  =  150  FEET. 

TIME  OF  WAVE  TRAVEL  FROM  SHOT  TO  DETECTORS.  T|  =.0355 SECOND.  T2=. 071  SECOND.  Tj  =  .074  SECON 


"VELOCITY  OF  WAVE  IN  EARTH  =  ; 


=  1.400  FEET  PER  SECOND. 


L3-L2       50 

V,=VELOCITYOF  WAVE  IN  ROCK  = —  = =16,700  FEET  PER  SECOND. 

T3-T2      .003 

V.T     L   Ve      1.400X074     150       1.400 

■>  =  DEPTHTOROCK=  — r~^~= ; rX,T ™=45 .5  FEET. 

2        2    Vr  2  2       16.700 

Figure  12. — Seismic  Record   and   Calculations    Based    on 

Record. 

in  which  Vr  appears,  is  of  minor  importance,  provided 
the  shooting  distance  is  not  greatly  in  excess  of  the 
critical  distance.  For  this  reason  an  average  or  normal 
value  of  VT,  such  as  18,000  feet  per  second  may  be 
assumed  without  fear  of  carrying  through  an  error  of 
consequence  into  the  final  value  of  H.  Equation  7 
may  be  used  only  when  the  shooting  distance  exceeds 
the  critical  distance,  and  this  condition  can  usually  be 
determined  from  a  measure  of  the  time  intervals  be- 
tween detectors,  even  though  such  intervals  may  not 
give  highly  accurate  values  of  velocities  in  rock. 

FIELD  TESTS  GIVE  SATISFACTORY  RESULTS 

The  accuracy  with  which  H  can  be  determined  from 
equation  7  will  depend  largely  upon  the  value  of  V, 
selected.  In  most  soils  the  value  of  Ve  increases  with 
depth  and  the  value  to  be  substituted  in  the  equation 
must  therefore  be  intermediate  between  the  velocity 
in  the  topsoil  and  that  in  the  deeper  strata.  Figure  1 1 
shows  several  velocity-distance  curves  from  which 
values  of  Ve  were  selected  in  determining  rock  depths 
at  the  locations  given.  All  of  the  curves  show  a  dis- 
tinct upward  trend  after  the  critical  shooting  distance 
is  reached  or,  in  other  words,  when  the  path  of  the 
fastest  wave  is  through  rock.  At  the  Boundary  Chan- 
nel Bridge  the  rock  is  overlain  with  about  75  feet  of 
spongy  muck  or  silt  and  this  condition  is  indicated  by 
the  rather  flat  portion  of  the  curves  within  the  critical 
distance.  The  same  condition  exists  at  the  Bryan 
statue  triangle  and  at  the  Memorial  Bridge,  in  both 
locations  the  ciitical  distance  being  approximately  100 
feet.  From  the  flat  portion  of  such  curves  closely 
accurate  values  of  Ve  can  be  selected  and  equally  accu- 
rate values  of  H  obtained. 

Figure  12  shows  a  single  record  from  which  the  depth 
of  rock  at  the  Memorial  Bridge  has  been  calculated. 
The  3  detectors  were  spaced  respectively  50,  100,  and 
150  feet  from  the  shot.  In  this  case  the  critical  distance 
appears  to  be  almost  exactly  100  feet.  This  follows 
from  the  fact  that  calculations  based  on  traces  1  and  2 
result  in  the  same  velocity,  thus  indicating  that  the 
wave  reaching  P2  could  have  traveled  directly  through 
the  earth.  However,  the  difference  in  time  intervals 
T3  and  T2  is  such  as  to  give  a  velocity  of  16,700  feet  per 
second   between   P2  and   P3,   which  is  very  close   to 
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CALCULATIN  OF  DEPTH  TO  ROCK 
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Figure    13. — Seismic   Record   and   Calculations   Based    on 

Record. 

velocity  in  rock.  It  is  evident,  therefore,  that  the  time 
of  travel  to  the  middle  detector  is  the  same  by  either 
the  direct  path  or  the  path  of  the  refracted  wave 
through  the  rock,  a  condition  that  determines  the 
critical  distance. 

Figure  13  shows  records  from  which  the  depth  to 
rock  at  the  Boundary  Channel  Bridge  was  calculated 
as  76  feet,  a  figure  that  checks  closely  with  the  bridge 
engineer's  data. 

DIFFICULTY  SOMETIMES  ENCOUNTERED  IN  MAKING 
DETERMINATIONS 

Frequently  the  velocity  curve  will  take  the  form  of 
the  curve  in  figure  11  that  is  based  on  tests  at  the 
Arlington  experiment  station.  Here  the  critical  dis- 
tance is  not  so  evident.  The  method  by  which  a  value 
of  Ve  was  selected  and  the  depth  to  rock  calculated  in 
this  location  will  be  given  in  detail  as  a  typical  example 
of  a  practical  problem.  Figure  14  shows  some  of  the 
records  from  which  depth  calculations  were  made  and 
table  1  is  summary  of  all  data  obtained.  An  examina- 
tion of  this  table  shows  that  high  velocities  existed  for 
that  portion  of  wave  travel  in  excess  of  50  feet.  Because 
of  the  very  short  time  intervals  involved  and  the  diffi- 
culty in  picking  the  exact  breaking  points  on  the  traces 
and  also  as  a  result  of  slightly  different  sensitivities  and 
characteristics  in  detectors,  it  is  not  always  possible  to 
obtain  accurate  velocities  for  increments  in  distance 
from  which  velocities  in  rock  can  be  derived.  It  is 
possible,  however,  as  in  this  case,  to  determine  from  the 
velocities  if  the  movement  is  through  rock  and  also  to 
approximate  the  critical  distance. 

The  high  velocities  for  that  portion  of  the  travel 
through  increments  in  distance  at  more  than  50  feet  from 
;the  shot  enables  us  to  select  50  feet  tentatively  as  the 
critical  distance.  By  averaging  all  of  the  over-all  veloc- 
ities for  distances  of  50  feet  and  less,  a  value  of  1,834  feet 
per  second  is  obtained.     This  is  so  close  to  the  value  of 
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CALCULATION  OF  DEPTH  TO  ROCK 
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Figure  14. — Seismic    Record   and    Calci  lations    Based    on 

Record. 

Table  1. — Results  of  tests  at  the  Arlington  experiment  station 


Rerun]  no. 


97. 

99.- 

101. 

104. 

100. 

107. 

100. 

109. 

109. 

109. 


Shooting 
distance, 


Ft  1 1 

10 

20 

30 

40 

50 

60 

100 

120 

150 

180 


Time  of 

Overall 

wave 

velocity, 

travel,  T 

V 

Feel  per 

Seconds 

second 

0. 0065 

1,540 

.013 

1,  540 

.0165 

1,820 

.02 

2,  000 

.  022 

2,270 

2,  670 

.027 

3,700 

.  0255 

4.700 

.029 

5,000 

.  0325 

5,  450 

Velocities  for  incre- 
ments in  distance, 
equation  5 


Feci 
10  to  20 
20  to  30 
30  to  40 
40  to  50 
50  to  60 
60  to  100 
100  to  '20 
100  to  150 
100  to  180 
60  to  180 


Feet  per 

second 

1,540 

=   2,860 

2,860 

-  5,000 

20,000 

-Infinite 
-25,000 
=  10,  700 
=  12.000 


Average. 


Depth 

to  rock 
II,  from 
equa- 
tion 7 


Feet 


17.2 
19.2 

16.  7 
1 8.  2 
19.8 

18.22 


1,820  feet  per  second  derived  directly  fromrecord  no.  101 
for  a  30-foot  distance  that  the  latter  was  selected  for  \ 
Since  the  values  of  velocities  corresponding  to  incre- 
ments in  distance  shown  in  table  1  are  not  sufficiently 
consistent  to  justify  a  selection  of  \ ' ,  from  them,  a  value 
of  16,700  is  taken  as  fairly  representative  of  velocity  in 
rock.  As  pointed  out  previously,  tins  value  enter-  into 
only  a  minor  term  in  the  depth  equation  and  therefore 
ureal  accuracy  is  not  so  necessary  in  its  determination  as 
inthatofTV  With  these  values  of  Ve  and  V  the  value 
of  JJ  was  computed  for  all  (list ances  in  excess  of  50  feet . 
The  results  appear  in  the  last  column  of  table  1,  the 
average  of  which  is  18.22  feet.  The  actual  depth  to 
rock  as  determined  with  a  soil  auger  is  L9.8  feet. 

Sometimes  it  is  necessary  to  make  a  first  approxima- 
tion of  the  depth  to  rock,  after  which  a  more  accurate 
value  of  V,  can  be  selected  from  the  velocity  curve. 
In  any  event,  no  great  error  will  be  made  in  selecting 
a  value  of  Ve,  which  is  an  average  of  all  values  obtained 
under  the  critical  distant 


EXTRACTS  FROM  REPORT  ON  FLORIDA  TRAFFIC 

SURVEY 


CHARACTERISTICS  OF  TOURIST  TRAFFIC  AND  TRANSPORTATION  OF  CITRUS  FRUIT  DISCUSSED 

Reported  by  L.  E.  PEABODY,  Senior  Highway  Economist,  Division  of  Highway  Transport 


A  SURVEY  OF  TRAFFIC  on  Florida  State  high- 
ways was  conducted  by  the  Florida  State  Road 
Department  and  the  Bureau  of  Public  Roads,  from 
September  1933  to  September  1934.  Data  were 
collected  at  157  points  in  the  State.1 

The  traffic  on  Florida  highways  was  found  to  have 
characteristics  distinct  from  the  traffic  in  most  States. 
The  month  of  largest  traffic  volume  is  January,  and 
September  is  the  month  of  least  motor  travel.  Sea- 
sonal variation  is  of  small  amplitude  in  comparison 
with  that  in  many  States.  There  is  an  absence  of  large 
volumes  of  industrial  traffic;  truck  capacities  are 
generally  low;  and  tourist  traffic  is  an  important 
component  of  total  motor  traffic. 

Seven  percent  of  the  mileage  of  the  State  highway 
system  carries  a  traffic  volume  in  excess  of  1 ,500  motor 
vehicles  per  clay;  41  percent  carries  a  volume  of  from 
500  to  1,499  vehicles  per  day;  and  more  than  half  of  the 
State  highway  mileage  carries  less  than  500  vehicles 
per  day. 

Seventy-eight  and  two-tenths  percent  of  the  ob- 
served vehicles  were  passenger  cars;  21.0  percent  were 
trucks;  and  0.8  percent  were  busses.  Local  vehicles, 
which  constituted  80.3  percent  of  the  total  traffic,  were 
distributed  as  follows:  Passenger  cars,  70. 1  percent; 
trucks,  22.9  percent;  and  busses,  1.0  percent.  Trucks 
with  trailers  were  5.4  percent  of  all  trucks,  four-tenths 
of  1  percent  being  foreign  and  the  remainder  were  local. 

Distances  are  long  and  population  is  concentrated 
within  a  few  areas.  Traffic  volumes  are  relatively  high 
close  to  the  population  centers  and  are  fairly  uniform 
between  population  centers.  Major  routes  may  be 
easily  identified  on  the  traffic-flow  maps.  Figure  1 
shows  total  traffic  and  figure  2  show's  foreign  traffic. 
The  main  routes  are:  XJ  S  92  from  Daytona  Beach  to 
the  intersection  with  U  S  17  and  from  Haines  City  to 
Tampa,  and  Florida  64  from  Tampa  to  St.  Petersburg; 
US  1  and  Florida  4-A  from  the  Georgia  State  line 
to  Florida  City;  US  17  from  the  Georgia  State  line  to 
Punta  Gorda;  U  S  90  from  the  Alabama  State  line  to 
Jacksonville;  and  U  S  19  from  Brooksville  to  St.  Peters- 
burg. The  routes  carrying  the  most  foreign  traffic  are 
U  S  1  from  the  Georgia  State  line  to  Miami,  Florida  64 
from  Tampa  to  St.  Petersburg,  U  S  41  together  with 
Florida  5  and  LT  S  541  from  the  Georgia  State  line  to 
Naoles,  and  U  S  92  from  Daytona  Beach  to  Tampa. 

Florida's  traffic  history  since  1925,  as  shown  by 
traffic  counts  at  22  stations  since  that  year,  is  very 
different  from  that  of  any  other  State  for  which  data 
are  available.  This  statement  may  be  illustrated  most 
briefly  by  two  examples.  Between  1922  and  1933 
motor  vehicle  registration  increased  140  percent  in 
Florida,  and  147  percent  in  New  Jersey;  yet  between 
1922  and  1926  the  corresponding  increases  were  246 
percent  in  Florida  and  90  percent  in  New  Jersey.  And 
again,  gasoline  consumption  increased  228  percent  in 

i  The  complete  report  is  being  published  by  the  Florida  State  Road  Department 
lallahassee,  Fla.    Copies  -ire  not  available  from  the  Bureau  of  Public  Roads. 
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Connecticut  between  1922  and  1933,  as  compared  with 
220  percent  in  Florida  during  the  same  period.  How- 
ever, gasoline  consumption  increases  in  Connecticut 
and  Florida  between  1922  and  1926  were  83  and  350 
percent  respectively.  In  view  of  the  above  it  is  re- 
markable that  Florida  traffic  in  1932  had  declined  but 
28  percent  from  its  all-time  peak  in  1926.  The  first 
indication  of  a  possible  reversal  of  the  downward  trend 
in  motor-vehicle  registration  since  1927  is  given  in 
1934,  when  registration  increased  20  percent  over  the 
previous  year.  Gasoline  consumption  in  1934  was 
more  than  14  percent  greater  than  in  1933. 

TOURIST  TRAFFIC  ORIGINATES  IN  MANY  STATES 

Tourist  traffic  is  smallest  in  May,  but  even  in  that 
month  amounts  to  70  percent  of  the  monthly  average. 
The  common  impression  that  tourist  traffic  is  confined 
to  the  period  of  winter  is  incorrect;  although,  of  course, 
the  volume  is  much  heavier  during  that  period. 

Nearly  a  quarter  of  the  tourist  traffic,  excluding  the 
traffic  of  tourists  who  spend  less  than  1  day  in  Florida, 
comes  from  that  portion  of  the  United  States  east  of 
the  Mississippi  and  north  of  the  Potomac  and  Ohio 
Rivers.  The  origin  of  tourist  traffic  is  shown  in  figure 
3  in  which  the  volume  of  tourist  traffic  originating  in 
the  areas  indicated  is  proportional  to  the  area  of  the 
circle  shown  in  each  area.  The  average  travel  of  this 
group  of  tourists  to  and  from  their  homes  is  in  excess 
of  2,000  miles.  More  than  one-half  of  all  tourists  in 
Florida  are  from  Georgia  and  Alabama,  again  excluding 
those  who  spend  less  than  1  day  within  the  State. 
More  than  10  percent  come  from  the  States  of  Michi- 
gan, Wisconsin,  Illinois,  Indiana,  and  Ohio.  The 
remaining  tourists,  approximately  20  percent,  have 
origins  scattered  throughout  the  remainder  of  the 
country. 

They  stay  in  Florida  about  1  month  on  the  average, 
although  there  is  high  variation  in  the  length  of  stay. 
Tourists  who  own  homes  in  Florida  make  an  average 
visit  of  106  days,  while  those  who  stay  with  friends  or 
relatives  remain  about  2  weeks.  Those  who  rent 
apartments  or  cottages  stay  about  88  days;  visitors 
who  stop  at  hotels  stay  an  average  of  20  days;  while 
those  who  occupy  camps  average  34  days  per  visit. 

About  11  percent  of  the  tourists  stated  that  they 
would  visit  areas  throughout  the  whole  State,  their 
answers  reading  typically:  "Throughout  the  State", 
"everywhere  in  the  State",  "all  over  Florida",  etc. 
The  southeast  section  of  Florida  was  the  greatest 
attraction,  nearly  one-quarter  of  all  tourists  planning 
to  visit  that  area. 

The  general  routes  of  travel  to  Florida  are  indicated 
by  bands  of  varying  width  in  figure  3,  the  width  repre- 
senting the  volume  of  traffic.  These  bands  do  not 
follow  the  exact  location  of  any  single  route,  and  the 
traffic  on  two  or  more  closely  parallel  routes  may  be 
shown  by  a  single  band.  The  increments  of  traffic 
received  from  each  area  of  origin  are  indicated  by  the 
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Figure    1.— Average    Daily    Motor    Vehicle    Tkaffic    on    Florida  Highways,   1934. 
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Figure  3. — Origin  of  Motor  Tourist  Traffic  to  Florida  and  Lines  of  Travel.  Size  of  Circle  Indicates  Rela- 
tive Number  of  Tourists  From  Each  Area,  and  Width  of  Band  Indicates  the  Relative  Volume  of  Traffic 
Using    Each    Line  of  Travel. 


increase  in  width  of  a  band  as  it  passes  through  that 
area.  The  traffic  from  area  I  is  omitted  because  the 
volume  is  so  large  and  the  routes  of  travel  are  so  short 
that  an  adequate  graphical  comparison  with  other 
areas  is  impossible.  The  preponderance  of  travel  on 
the  eastern  coastal  routes  is  apparent  by  the  relative 
width  of  band  1.  The  principal  routes  included 
within  this  band  are  U  S  routes  1,  15,  and  17.  By  far 
the  greatest  part  of  the  traffic  traveling  these  routes 
originates  in  New  York,  New  Jersey,  and  Pennsylvania, 
with  considerable  increments  from  New  England  and 
from  area  II. 

A  less-popular  line  of  travel  from  these  same  areas 
is  indicated  by  band  2,  which  represents  principally 
the  traffic  on  eastern  inland  routes,  United  States 
routes  11,  19,  21,  29,  and  41.  Most  of  the  traffic 
following  this  line  originates  in  area  II,  but  there  is  a 
considerable  amount  from  area  III,  and  an  appreciable 
increment  from  area  IV. 

The  most  popular  lines  of  travel  from  area  111  are 
indicated  by  bands  3  and  4,  band  3  joining  band  4  at 
the  Georgia  State  line.  Band  3  represents  United 
States  routes  25  and  27;  and  band  4  represents  United 
States  routes  31  and  41.  Bands  5  and  6  indicate  the 
lines  of  travel  from  the  States  west  of  the  Mississippi 
River. 

Contrary  to  what  is  probably  the  popular  impres- 
sion, those  who  gave  "business"  as  their  reason   for 


visiting  Florida  constituted  the  largest  group  classified. 
Many  people  combined  their  business  with  a  fishing 
trip,  visited  friends  or  relatives  in  Florida,  attended 
sporting  events,  or  were  en  route  to  other  States. 

A  classification  of  tourist  parties  by  type  of  accom- 
modation shows  that  the  greatest  number  used  hotels. 
In  this  class  were  162,590  parties,  or  38.9  percent  of 
the  417,960  parties  staying  one  day  or  more  in  Florida. 
The  next  largest  group,  21.0  percent,  stayed  with  friends 
or  relatives,  9.9  percenl  stopped  at  tourist  homes,  and 
10.9  percent  used  more  than  one  t\  pe  of  accommoda- 
tion. These  four  major  groups  comprise  four-fifths  of 
the  total.  The  97,040  parties  staying  less  than  one 
day  comprise  18.8  percent  of  the  grand  total  of  51  .">,ihhi 
parties  per  year. 

large  expenditures  made  BY  TOI  Ills  Is 

Data  with  regard  to  the  expenditures  of  tourists 
were  obtained  by  a  special  investigator.  Tourists 
were  questioned  as  to  the  daily  expenditure  per  party 
at  times  and  places  where  they  could  he  approached 
conveniently  and  with  ample  time  for  the  investigator 
to  satisfy  himself  witli  regard  to  the  accuracy  of  the 
replies.  The  information  \\;i-  voluntarily  given  and 
was  subject  to  critical  questioning  at  the  time  by  the 
investigator.  Expenditures  were  tabulated  under  the 
general  heads  of  "car  expenses"  and  "other  expense 
Separated    under   "ear   expenses"   were   the   costs  of 
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gasoline,  oil,  garaging,  and  repairs  incurred  only 
during  the  visit.  Overhead  items,  such  as  depreciation 
and  insurance,  that  were  not  likely  to  be  a  direct 
expenditure  in  Florida,  were  not  considered.  Under 
"other  expenses"  were  tabulated  the  items  of  food, 
lodging,  and  miscellaneous  expenditures. 

From  the  data  obtained  in  this  manner  it  was  pos- 
sible to  compute  the  average  party  expenditures  per 
day  according  to  type  of  accommodation  as  presented 
in  table  1.  With  the  exceptions  noted,  these  are  the 
averages  of  expense  items  as  given  by  a  large  number 
of  separate  parties,  and  considerable  effort  was  made 
both  in  collecting  the  data  and  in  the  analysis  to 
eliminate  error  and  exaggeration.  The  replies  by 
persons  staying  with  friends  and  relatives  and  those 
using  a  combination  of  accommodations  were  so  few 
in  number  as  to  throw  doubt  upon  the  correctness  of 
average  expenditures  based  upon  them.  Therefore, 
the  expenditures  tabulated  for  these  groups  were 
obtained  by  averaging  appropriate  items  in  other 
groups  that  were  considered  similar  in  characteristics. 
Expenditures  by  those  staying  one  day  were  estimated 
in  like  manner  as  no  replies  were  received  from  persons 
in  this  class. 

Table  1. — Itemized  expenditures  per  parly  per  day  according  to 
type  of  accommodation 
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Persons  per  party 

2.28 

24 

$0.36 
.04 
.23 
.01 

2.95 

22 

$0.32 
.03 
.02 
.02 

2.83 

19 

$0.  26 
.03 
.02 
.01 

3.28 

22 

$0.  32 
.03 

2.84 

22 

$0.  36 
.04 

3.09 

2.S7 

2.60 

Average  daily  mileage  per 
car.. 

Cost  of  car  operation  per  day: 
Gasoline 

Oil.. 

Garaging 

Repairs 

.01 

.02 

Total. 

.64 

.40 

.32 

.36 

.42 

'  $0.  54 

1  $0.  54 

'  $0.  54 

Other  expenditures  per  party 
per  day: 
Lodging 

3.  r,r, 
3. 18 
1.33 

1.39 
1.90 

.97 

1.12 

2.46 
.56 

.35 
1.22 
.70 

3.75 
2.39 
1.61 

Food 

■2.  15 
i  1.03 

'  2.23 

Miscellaneous 

I  1.03 

Total 

8.17 

4.25 

4.  14 

2.27 

7.75 

3.18 

5.32 

3  26 

Total  expenditures  per 
party  per  day 

8.81 

4.65 

4.46 

2.63 

8.17 

3.72 

5.  86 

3.80 

1  Average  of  other  types. 

1  Average  of  food  costs  for  those  using  "rented  apartments"  and  "own  home." 

The  daily  lodging  cost  to  parties  staying  at  their 
own  homes,  as  shown  in  table  1,  is  the  estimated  daily 
rental  value  of  such  homes.  The  figure,  $3.75,  is 
based  upon  an  average  value  of  $6,000  per  home  as 
given  by  the  questionnaires  and  annual  operating  costs 
and  carrying  charges  are  assumed  to  equal  10  percent 
of  value,  or  $600  annually.  This  sum  is  charged 
against  a  season  of  160  days,  or  $3.75  per  day. 

On  the  basis  of  total  daily  expenditures,  the  two 
most  important  groups  are  those  using  hotels  and 
home  owners.  Parties  in  these  groups  expended  $8.81 
and  $8.17  per  day,  respectively.  The  parties  spending 
the  least  amounts  were  those  staying  with  friends  and 
relatives,  $3.72  per  party  per  day,  and  the  campers  with 
an  average  expenditure  of  only  $2.63  per  party  per  day. 

The  information  concerning  type  of  accommodation, 
volume  of  traffic  of  each  type,  length  of  stay,  and  daily 
expenditures  has  been  combined  to  estimate  the  total 


yearly  expenditures  within  the  State.  The  estimate 
is  presented  in  table  2.  The  number  of  parties  per 
year  and  the  average  length  of  stay  for  each  group 
are  shown  in  columns  2  and  3.  The  daily  average 
party  costs  are  repeated  from  table  1  in  column  4. 
The  estimate  of  the  total  yearly  expenditures  by  each 
group  of  tourists  is  given  in  the  last  column.  The 
total  by  all  groups  is  $90,458,000;  thus  tourists  are  an 
impressive  source  of  income  to  the  State. 

Table  2. — Estimate  of  tourist  expenditures  by  type  of 
accommodation 


Stopping  at — 

Total 

cars  per 

year 

Average 

length  of 

stay  in 

days 

Average 

cost  per 

party 

per  day 

Expendi- 
tures per 
year 

Percent- 
age of 
total 

expendi- 
tures 

Hotels .     ... 

162, 590 
22, 150 
41,380 
26,  330 
32, 180 
87.  770 
45,  560 
97,  040 

19.5 
87.7 
48.2 
33.5 
106.3 
16.1 
32.6 

$8.81 
4.65 
4.46 
2.63 
8.17 
3.72 
5.86 
3.80 

$27, 932, 000 
9, 033, 000 
8, 896, 000 
2,  320.  000 
27.  947, 000 
5,  257,  000 
8,  704,  000 
369,  000 

30.87 

Apartments  and  cottages 

Tourist  homes. 

9.98 
9.83 

Camps 

2.57 

Own  home 

30.89 

Friends  and  relatives 

Comhinations 

5.81 
9.62 

Less  than  1  day 

.43 

Total 

515,000 

90,  458,  000 

HID. Ill) 

Tourists  using  hotels  and  those  staying  at  their  own 
homes  are  estimated  to  spend  the  largest  amounts. 
The  expenditures  of  each  of  these  groups  are  nearly 
$28,000,000  per  year,  and  between  them  they  account 
for  62  percent,  or  nearly  two-thirds,  of  the  total  sum 
spent  by  all  tourists,  and  yet  the  number  of  tourists 
using  their  own  homes  is  only  7.7  percent  of  all  tourists. 
In  contrast,  those  staying  with  friends  are  21  percent 
of  the  total  number,  but  their  expenditures  represent 
only  5.8  percent  of  the  total  expenditures.  The  con- 
trast is  even  more  striking  in  the  case  of  trips  of  less 
than  1  day.  Although  18.8  percent  of  the  total  num- 
ber, they  account  for  less  than  one-half  of  1  percent  of 
the  total  expenditure. 

Table  3  gives  an  estimate  of  the  direct  income  to  the 
State  government  from  tourist  traffic  in  the  form  of 
gasoline  taxes.  On  the  average,  each  tourist  car 
travels  about  1,000  miles  in  Florida  during  the  visit, 
or  515,000,000  miles  for  the  total  traffic.  At  14  miles 
per  gallon,  36,786,000  gallons  of  gasoline  are  consumed, 
yielding  $2,575,000  at  the  current  tax  rate  of  7  cents  per 
gallon,  and  equivalent  to  approximately  16  percent  of 
all  State  gasoline  taxes. 

Table   3. — Estimate  of  total   yearly   mileage  of  tourist   cars   in 
Florida  and  payments  of  gasoline  tax 

Average  miles  per  car  per  day 22 

Average  length  of  stay  per  car  in  days 29.4 

Total  mileage  per  car  per  visit 647 

Travel  in  Florida  to  and  from  destination,  miles 392 

Total  mileage  per  car  (round  figures) 1,000 

Total  yearly  traffic 515,000 

Total  yearly  mileage 515,000,000 

Estimated  miles  per  gallon  of  gasoline 14.0 

Total  gallons  of  gasoline  consumed 36,786,000 

Tax  per  gallon $0.07 

Total  tax  paid  by  tourists $2,575,000 

TRUCK  SHIPMENTS  OF  CITRUS  FRUIT  NUMEROUS 

Citrus  fruits,  with  a  net  farm  value  of  approximately 
$37,000,000  in  1933-34,  originate  in  an  area  south  of  a 
line  from  Palatka  to  Cedar  Keys,  largely  from  the 
sections  surrounding  Orlando  and  Leesburg,  and  from 
Sebring  to  Lakeland.  During  the  season  of  1933-34 
the  interstate  truck  shipments  aggregated  31,590  truck 
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FIGURES     INDICATE      NUMBER       OF     CARS 

Figure  4.— Distribution    of    Florida    Citrus    Fruits    by    States:    Annual    Truck    Shipments    on    Large-Scali     Mai 

and  Rail  Shipments  Shown  on  Small-S<  \m    Map. 
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Figure  5. — ;Seasonal  Movement  of  All  Outgoing  Trucks 
on  the  Principal  Commercial  Interstate  Routes  U  S  1, 
U  S  17,  and  U  S  41. 

loads.  These  truck  shipments  were  destined  mainly 
to  Georgia,  South  Carolina,  Alabama,  North  Carolina, 
Tennessee,  the  District  of  Columbia,  and  Virginia 
(see  fig.  4),  with  the  number  of  trucks  in  the  above 
order.  The  States  enumerated  took  about  88  percent 
of  the  total  interstate  truck  shipments.  In  the  total 
movement,  all  States  east  of  the  Mississippi  River 
except  the  New  England  group  and  Delaware  were 
represented,  while  west  of  the  Mississippi  only  the 
States  of  Missouri,  Arkansas,  Texas,  and  Louisiana 
received  truck  loads  of  citrus  fruits  from  Florida. 
Georgia  and  South  Carolina  accounted  for  more  than 
half  the  total  interstate  citrus  fruit  shipments  by  truck. 

The  peak  of  the  truck  movement  of  citrus  fruits  is  in 
mid-December,  with  a  secondary  peak  near  the  mid- 
dle of  March.  After  the  bulk  of  the  fruit  had  been 
moved,  many  of  the  truckers  shifted  to  the  trans- 
portation of  garden  produce — beans,  tomatoes,  aspar- 
agus, etc. 

Fifteen  percent  of  the  215,000  outgoing  trucks  cross- 
ing the  Florida  State  line  during  the  year  carried  citrus 
fruits;  8  percent  carried  garden  produce;  40  percent 
carried  miscellaneous  commodities;  and  37  percent 
were  empty.  Figure  5  indicates  the  seasonal  movement 
of  these  trucks  and  the  shifting  from  citrus  fruit  haul- 
ing to  the  transportation  of  garden  produce. 

U  S  1,  U  S  17,  and  U  S  41  were  the  major  gateways 
through  which  these  commodities  moved,  these  three 
routes  together  carrying  82  percent  of  all  citrus  fruit 
shipped  to  other  States  by  truck  and  82  percent  of  the 
interstate  garden-produce  shipments. 

More  than  80  percent  of  all  trucks  crossing  the  State 
border  and  carrying  citrus  fruit  was  registered  in  States 
other  than  Florida.  Seventy-one  percent  of  trucks 
carrying  garden  produce  in  interstate  commerce  was 
also  registered  in  other  States. 

Fifty-two  percent  of  all  trucks  used  in  the  carrying  of 
citrus  fruit  had  capacities  of  2  to  4  tons;  40.5  percent 
were  in  excess  of  4  tons ;  while  7.5  percent  had  capacities 
up  to  and  including  V/2  tons.  The  use  of  trailers  was 
negligible,  since  less  than  2  percent  of  all  trucks  hauled 
trailers. 

The  internal  movement  of  citrus  fruit  was  largely  to 
packing  plants  and  canneries  at  Tampa  and  Jackson- 
ville. 


(Continued  from  p.  67) 

The  velocity  curve  obtained  at  Williamsburg,  Va., 
figure  11,  applies  to  a  marl  and  shell  conglomerate 
overlain  by  a  few  feet  of  clay.  The  velocities  found 
are  relatively  high  for  a  location  where  there  is  no 
rock  near  the  surface  and  are  the  result  of  the  highly 
compacted  shell  conglomerate  which  appears  to  have 
about  the  same  acoustical  properties  as  a  deep  clay  or 
shale. 

A  few  tests  have  been  made  at  quarry  sites  and  at 
other  locations  where  solid  rock  is  found  within  a  few 
feet  of  the  ground  surface  and  all  indicate  that  the  depth 
of  such  overburdens  can  be  determined  quickly,  defi- 
nitely, and  accurately  by  the  seismic  method.  For 
such  work  a  single  no.  8  blasting  cap  gives  ample 
energy,  thus  reducing  the  cost  of  explosives  to  a  negli- 
gible amount. 

While  the  work  of  the  bureau  with  the  seismograph 
has  been  largely  experimental  and  limited  to  one 
locality,  the  results  to  date  have  been  so  promising 
that  they  leave  little  doubt  as  to  the  ultimate  value  of 
this  tool  in  the  study  of  subsurface  formations. 
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MICROCHEMICAL  EXAMINATION  OF  SOIL 

SOLUTIONS 

BY  THE  DIVISION  OF  TESTS,  U.  S.  BUREAU  OF  PUBLIC  ROADS 

Reported  by  JAMES  A.  KELLEY.  Junior  Highway  Engineer 


SOILS  for  highway  purposes  are  tested  to  determine 
the  characteristics  indicative  of  their  performance 
as  road  surfaces,  bases  for  thin  wearing  courses,  sub- 
grades,  and  as  foundations  for  retaining  walls,  bridges, 
and  similar  structures.  Information  on  physical  prop- 
erties such  as  stability,  compressibility,  elasticity, 
and  capillarity  is  generally  sought.  In  such  determina- 
tions soil  is  assumed  to  consist  of  inert  solids  of  constant 
volume  and  containing  pores  that  enlarge  and  shrink 
as  the  soil  mass  changes  in  volume. 

This  assumption  is  not  strictly  true  as  soluble  ma- 
terials, organisms,  and  bacteria  are  usually  present, 
although  not  in  sufficient  amounts  to  require  considera- 
tion in  the  interpretation  of  the  results  of  physical  tests. 

Tbe  character  and  amount  of  the  soluble  soil  constit- 
uents may  have  an  important  bearing  upon  such  prob- 
lems as  the  durability  of  concrete  and  the  selection  of 
admixtures  for  use  in  the  stabilization  of  soils.  But 
accurate,  quantitative,  chemical  analyses  of  soil  solu- 
tions are  difficult  to  make,  even  by  the  most  elaborate 
methods.  After  some  investigation  it  has  been  found 
that  a  comparatively  simple  and  more  or  less  qualitative 
microchemical  method  may  be  usefm  in  analyzing  soil 
solutions. 

SOIL  MOISTURE  CONTAINS  MINERAL  MATTER  IN  SOLUTION  > 

According  to  the  soil  scientist  the  mineral  constituents 
of  soils  are  products  of  the  disintegration  and  degrada- 
tion of  rocks.  However,  due  to  mixing  and  transport- 
ing agencies,  more  minerals  are  likely  to  be  present 
than  those  furnished  by  the  rocks  from  which  a  soil  is 
primarily  derived.  Even  in  beach  sand  it  is  surprising 
how  man}7  minerals  other  than  quartz  can  usually  be 
found.  Hence  there  is  the  generalization  that  practi- 
cally every  soil  contains  all  of  the  common  rock-forming 
minerals. 

Aside  from  silicon  and  iron  oxide,  the  principal  soil 
minerals  are  silicates,  ferro-silicates,  alumino-silicates, 
or  ferro-alumino-silicates  of  the  common  bases— sodium, 
potassium,  calcium,  magnesium,  and  ferrous  iron. 
Other  bases  such  as  hthlum,  barium,  or  the  heavy 
metals  majT  occasionally  be  present  in  appreciable 
amounts  as  may  other  types  of  silicates  or  other  mineral 
salts. 

The  silicates  or  silico  minerals  are  all  somewhat 
soluble  in  water,  and,  being  salts  of  weak  acids  with 
strong  bases,  they  are  greatly  hydrolyzed.  A  con- 
venient illustration  is  afforded  by  the  well-known  rock 
and  soil  mineral,  orthoclase,  that  with  alteration  may 
become  kaolin.  The  reaction  of  orthoclase  with  water 
may  be  represented  as  follows: 

KA1  Si3  08  +HOH^H  Al  Si3  08+KOII 

Under  ordinary  soil  conditions,  with  a  relatively 
large  proportion  of  carbon  dioxide  in  the  soil  atmos- 

1  The  material  under  this  heading  is  summarized  from  the  text  book  Thi 

tioD   by  Frank  K.  Cameron,  U.  S.  Bureau  of  Chemistrj  and  Soils.     The  CI  i 
Publishing  Co.,  Easton,  Pa.,  1911,  an.l  Williams  and  Norgate,  ll  Henrietta  Street, 
Covent  Gardens,  London,  England. 
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phere,  the  potash  formed  would  he  more  or  les<  com- 
pletely transformed  to  the  bicarbonate  as  follows: 

KOH  +  COo+HoO^KUCO,  |  II  <» 

Unless  the  hydrolysis  of  a  silicate  of  the  alkalis  or 
alkaline  earths  is  a  reversible  action,  no  minerals  con- 
taining silicon  could  persist  in  the  soil  for  any  length 
of  time  and  all  soils  would  soon  become  sterile  wastes 
composed  essentially  of  quartz,  kaolin,  and  ferruginous 
oxides.  It  has  been  suggested  that  the  original  mineral 
particles  are  protected  from  decomposition  by  a,  jelly- 
like  coating  on  the  surface  of  the  soil  grains. 

If  a  soil  be  shaken  up  thoroughly  with  water,  the 
resulting  solution  filtered  free  of  suspended  matter  and 
then  boiled  to  eliminate  the  carbon  dioxide,  generally 
the  solution  will  give  an  alkaline  reaction.  This  is 
true  also  of  the  waters  of  most  springs,  ponds,  or 
creeks.  However,  the  mineral  content  of  such  waters 
varies  widely.  The  water  that  passes  down  through 
the  larger  interstices  of  the  soil  is  not  long  in  contact 
with  the  individual  soil  particles  and  floccules,  and, 
because  diffusion  of  dissolved  mineral  substances  is 
quite  slow  especially  in  dilute  solutions,  it  takes  up 
but  little  matter  from  such  aqueous  films  as  it  may 
intercept. 

Different  conditions  govern  the  action  of  the  soil 
water  that  returns  towards  the  surface  by  capillary 
action  to  form  the  great,  natural,  nutrient  medium  for 
plants.  This  water  moves  slowly  over  the  soil  parti- 
cles in  films.  It  is  in  contact  with  successive  fragments 
of  any  particular  mineral  and  with  all  the  different  min- 
erals making  up  the  soil  for  long  periods  of  time.  Con- 
sequently, it  tends  to  become  a  solution  saturated  with 
the  minerals  encountered. 

Many  attempts  have  been  made  to  extract  and  ana- 
lyze solutions  naturally  existing  in  the  soil.  The  re- 
sults obtained  have  not  been  very  satisfactory,  mainly 
because  solution  in  a  soil,  under  conditions  suitable  for 
crop  growth,  is  held  by  a  force  of  great  magnitude 
9,000  to  15,000  atmospheres. 

By  means  of  powerful  centrifuges  it  has  been  possi- 
ble to  obtain  from  >oils  small  quantities  (a  few  centi- 
meters at  a  time)  of  dilute  solutions  containing  about 
6  to  8  parts  per  million  of  phosphoric  acid  (IM)-  and 
25  to  30  parts  per  million  of  potash  lv( )  .  Tin'  analy- 
sis of  a  few  cubic  centimeters  of  a  very  dilute  solution 
is  in  itself  very  difficult,  necessarily  involving  uncer- 
tainty as  to  the  value  of  the  results. 

Wheat,  corn,  and  some  common  grasses  have  been 
grown  to  a  satisfactory  maturity  in  tap  water  having  a 
concentration  of  seven  parts  per  million  of  potassium 
and  one-half  pari  per  million  of  phosphoric  acid.  In 
this  connection,  investigators  believe  that  the  ratio  of 
potassium  to  phosphoric  acid  of  11  to  l  is  quite  impor- 
tant. Wheat,  grasses,  cowpeas,  vetches,  potatoes,  and 
other  plants  have  been  grown  satisfactorily  in  solutions 
made  by  shaking  up  a  soil  in  distilled  water  and  sepa- 
rating the  solution  from  the  solid  particles  with  an  un- 
glazed  porcelain  filter. 
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MANY  DIFFERENT  MATERIALS  FOUND  IN  SOIL  SOLUTIONS 

Some  idea  of  the  kinds  and  quantities  of  soluble  con- 
stituents of  soils  is  furnished  by  analyses  of  plant  ashes 
and  waters  from  springs,  lakes,  and  rivers.  Analyses 
of  ashes  of  ordinary  crops  are  given  in  table  l.2  In 
presenting  these  data  attention  is  called  to  the  fact 
that  plant  physiologists  and  soil  scientists  are  divided 
into  different  schools.  One  group  maintains  that  plants 
do  not  dissolve  significant  quantities  of  minerals  that 
would  otherwise  remain  undissolved;  another  school 
emphasizes  the  important  role  that  the  root  exudations 
exercise  in  this  connection.3 

Table  1. — Chemical  com  position  of  ashes  of  ordinary  crops 
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Table  2  from  Hilgard  4  contains  data  on  the  chemical 
composition  of  river  waters.  Additional  analyses  are 
given  in  table  3.  Table  4,  also  from  Hilgard,  affords 
some  insight  into  the  actual  and  possible  solvent  effects 
of  water  in  the  soil. 

Authorities  agree  that  it  seems  impossible  to  exhaust 
a  soil's  solubility  by  successive  leacldngs  with  water. 
This  was  demonstrated  in  1S63  and  1804  by  Ulbricht 5 
and  by  Schultze6;  their  general  conclusions  were  cor- 
roborated by  King7  in  1904. 

King's  first  leaching  experiments  were  made  by  shak- 
ing up  the  soil  sample  with  10  times  its  dry  weight  of 
water  for  3  minutes,  then  determining  the  ingredients 
of  the  filtrates  by  very  delicate  (mostly  colorimetric) 
methods.  The  soil  was  dried  at  120°  C.  between  suc- 
cessive teachings.  At  each  drying  not  only  is  the 
soluble  matter  again  drawn  to  the  surface  but  heating 
a  soil  renders  additional  amounts  of  soil  ingredients 
soluble  in  both  water  and  acids.     (See  Hilgard.) 

Table  2. — Chemical  composition  of  river  ivaters 
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» From  the  text  hook  How  Plants   Grow  by  Samuel  W.  Johnson,  Orange   Judd 
Company,  New  York,  1908.  page  171. 

3  See  The  Feeding  Power  of  Plants  by  Walter  Thomas,  Plant  Physiology,  vol   5, 
No.  4,  October  1930 

1  The  text  hook  Soils  by  Eugene  Woldemar  Hilgard,  The  MacMillan  Co    New 
York,  1:11:1,  am!  Tlie  MacMillan  Co.,  Ltd.,  London. 

5  Ine  Landwirtschaftlichen  Versuchs  Stationen,  vol,  V  1 1863),  p.  207. 

«  Dio  Landwirtschaftlichen  Versuchs  Stationen,  vol.  VI  (1864),  p.  111. 
Proceedings  of  the  25th  Annual  Meeting  of  the  Society  for  the  Promotion  of  Vri- 
cultural  Science  (1904),  p.  171-190. 


WATER-SOLUBLE  SOIL  CONSTITUENTS  HAVE  POSSIBLE  INFLUENCE 
ON  THE  DURABILITY  OF  CONCRETE  STRUCTURES 

At  the  eleventh  annual  meeting  of  the  Highway 
Research  Board,  it  was  suggested  that  disintegration  of 
concrete  could  be  of  three  types;  chemical,  part  chem- 
ical and  part  physical,  and  physical.8 

The  purely  chemical  type  of  disintegration  results 
from  such  causes  as  contact  with  sea  water,  alkali, 
sodium  and  magnesium  sulphates,  various  acids  found 
in  ground  waters  and  sewage,  or  the  many  chemical 
compounds  of  a  greater  or  less  stability  that  under 
certain  conditions  may  be  set  up  in  the  hydration  of 
cements.9  The  detrimental  chemical,  whether  in  soil 
or  water,  must  be  present  in  sufficient  amount  to  pro- 
duce a  readily  discernible  action.  Such  action  involves 
base  exchange  and  would  be  expected  to  begin  where 
the  concrete  is  in  contact  with  the  detrimental  agency 
and  to  progress  from  this  location  toward  the  interior 
of  the  structure.  In  road  slabs  detrimental  action  of 
this  type  would  begin  at  the  bottom  and  progress 
upward. 

It  is  assumed  that  in  the  physico-chemical  type  of 
disintegration,  the  active  chemical  is  either  in  solution 
in  water  that  enters  the  slab  by  capillary  movement  or 
is  dissolved  by  moisture  contained  within  the  structure. 
It  is  then  deposited  at  some  location  on  the  interior  of 
the  structure  where  the  rate  of  percolation  changes,  or 
at  the  surface  where  evaporation  occurs.  This  theory 
serves  to  explain  why  piers,  piles,  and  similar  structures, 
immersed  in  water  with  chemical  content  obviously  too 
low  to  injure  the  completely  immersed  portions  of  the 
structure,  may,  by  continued  capillary  flow  and  evapor- 
ation, accumulate  enough  chemicals  just  above  the 
water  line  to  be  detrimental.  The  theory  also  serves 
to  explain  the  deterioration  of  pavement  slabs  that 
begins  at  the  top  and  works  downward. 

The  purely  physical  type  of  disintegration  results 
from  the  growth  of  crystals  without  chemical  action. 
The  crystals  may  be  formed  by  the  freezing  of  water  or 
by  the  crystallization  of  dissolved  chemicals  due  to 
the  evaporation  of  the  liquid  carrier.'0  This,  like  the 
physico-chemical  type  of  disintegration,  can  be  ex- 
pected to  begin  at  the  surface  of  freezing  or  evaporation 
and  to  progress  toward  the  interior  of  the  slab. 

Figure  1  illustrates  the  manner  in  which  soil  solutions 
are  assumed  to  travel  vertically  through  road  slabs  in 
order  that  crystals  may  be  deposited  at  the  tops  of  the 
slabs.  The  rate  of  travel  depends  upon  the  permea- 
bility and  this  is  controlled  more  by  the  character  of 
voids  than  by  their  percentage  in  the  mortar.  Fine 
cracks  that  are  almost  invisible  to  the  eye  afford  more 
or  less  continuous  channels  to  the  surface  and  greatly 
increase  the  permeability. 

It  is  well  known  that  disintegration  progresses  more 
rapidly  in  natural  rocks  that  contain  cracks  and  lamina- 
tions than  in  those  that  do  not.  In  experiments  on  the 
phenomenon  of  crystal  growth,  Professor  Taber11  found 
that  such  materials  as  brick,  cement  mortar,  and  pot- 
tery also  were  less  resistant  to  disintegration  when  con- 
taining small  fissures. 

8  Functions  of  Steel  Reinforcement  in  Concrete  Pavements  and  Pavement 
Bases,  by  C.  A.  Hosentogler  and  E.  A.  Willis.  Proceedings  Eleventh  Annual 
Meeting.  Highway  Reseireh  Board.  1931,  page  299. 

»  The  Durability  of  Concrete  by  C.  H.  Scholer.  Proceedings  Tenth  Annual  Meet- 
ing. Highway  Research  Board.  1930.  p  lge  132. 

io  The  Mechanism  of  Corrosion  of  Portland  Cement  Concrete  with  Special  Refer- 
ence to  the  Role  of  Crystal  Pressure,  by  F.  O.  Anderegg,  1929.  Proc.  A.  C.  I.,  vol. 
25,  1929. 

"  Frost  Heaving,  by  Stephen  Taber.  The  Journal  of  Geology,  vol.  37,  No.  5, 
July-Aueust  1929,  p.  440. 
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Table  3.-     Results  of  water  analyses 


Sample 
no. 

Source 

Loi  il 

Pota 

nun  and 
sodium 

Ma -III' 

<  'aleium 

( '  a  honic 

Sulphuric 

Chlorine 

1 

Spring. 

Parts  i"  i 

million 

27 

102 

6 

10 

84 

22 

29 

1,055 

71 

132 

8 

-LSI 

300 

681 

19 

3 

1 

293 

20 

197 

30 

6.  525 

261 

Milli- 
grams 
per  liter 
1.  750 
31,380 
1,  124 
8 
7,083 
32 
11 
670 
15,228 
10,504 
11,596 

Parts  per 

million 

16 

30 

1 

3 

15 

35 

9 

s 

17 

74 

2 

19 

447 

277 

32 

3 

Trace 

35 

3 

63 

14 

7.  287 

33 

Milli- 
grams 

per  lit'  i 
380 
290 
106 
13 
93 
1 

3 
60 

Parts  per 

million 

I  16 

180 

3 

1 

52 1 

133 

151 

14 

Sll 

198 

12 

21 

542 

127 

76 

43 

69 

86 

9 

236 

168 

302 

- 

Milli- 
grams 
pi  r  lilt  r 
2,  220 
2,  000 
71 
43 
1,143 
23 
9 
;,'i 

Parts  per 

million 

27 

1 

Parts  i"  i 

million 

17 

s 

21 
24 

36 
15 
, 

22 
10 
11 
12 
Trace 
15 
12 
24 
42 

all 

29 
28 
10 

Milli- 

urn  ms 
pi  i  liti  i 

/'orl<  pir 
million 

8 
It 

333 

52 

13 

187 

3,004 

1,695 

million 
206 

2 

do 

Caledonia,  N    V 

3 

w  ell.  

Washington,  1).  C 

4 

do  

\  lexandria,  Va 

5 

159 
223 

7S 
40 

6 

do     

do._ 

1  our  \  ilie,  \    I  ' 

3 

8 

Well    . 

Chariest.. n,  S.  C        . 

Si.  Augustine,  Fla 

9 

Surface  drainage 

10 

Well 

Clinton,  \i  i              

11 

Spring _ _. 

Mountain  City,  Term...  . 

i 

12 

Well 

Frankfort,  Ky.    

5  :2 

13 

ro.  Ill 

Nashville,  111.  ... 

113 

1.  112 
219 

121 

14 

do. 

24 

15 

Well.. 

Storj  Cit  .'.  Iowa 

1 

16 

Spring 

Thurman,  Mo 

1 

s 

32 

s 

508 

222 

41,  362 

Mill:- 
grams 
pir  liter 

2 

17 

do  

Magnet  Cave,  Ark.   .                    

Sulphur,  okl  i 

;■; 

18 

do 

19 

Lake 

River _. . 

Yellowstone  Lake,  Wyo..   _. 

9 

20 

160 

21 

Springs 

do 

Livingston,  Mont 

!4S 

12 

22 

1    19  ! 

23 

Well 

Pueblo,  Colo 

24 

do. 

Brine  from  oil  field 

Mini- 
mum* 
in  i  hi,  r 
Trari' 

Milli- 
grami 
pir  liter 
1 1  900 

25 

3,510 

1.  129 

it 
218 
29 

313 

71)6 

2,  742 

26 

Lake. . 

67 
97 
111 
56 
28 
578 
6,006 
fi,  119 
126 

11 
7 
46 
23 
11 

• 

27 

28 

Spring. 

13,  703 

29 

River 

13 

30 

Lake 

Lake  Tahoe,  Calif 

2 

31 

Spring 

227 

32 

232 
113 

33 

do 

Sea  water 

Soap  Lake,  Wash                             

108 
1,305 

Trace 
442 

34 

20,076 

1  These  analyses  were  made  in  the  laboratory  of  the  U.  S.  Geological  Survey.    See  Water  Supply  Paper  364,  by  F.  W.  ( !lai  I 
Table  4.- — Water-extracted  chemicals  from  soils 


Soil 

Pot- 
ash 
ami 
soda 

Mag- 
nesia 

Lime 

Phos- 
phoric 
acid 

Silica 

Sul- 
phuric 
acid 

Sodi- 
um 

chlo- 
ride 

Car- 
bonic 

acid 

Bonn,  Saxony 

Parts 

per 

million 

126 

38 

13 

21 
25 

22 

Parts 
per 

million 
38 
37 
18 

23 
52 

77 

Parts 

per 
million 

12S 
84 
74 

58 
135 

165 

Parts 

per 

milium 

31 

Trace 

10 

17 

12 

Parts 

per 

million 

18 

26 

6 

8 
40 

21 

Parts 
per 
million 
100 

54 

43 
125 

188 

Parts 
per 

million 
59 
18 

Parts 
per 

million 

Chemnitz,  Saxony 

Sassafras  sandy  loam.. 

Norfolk,  N.  C,  sandy 

soil 

14 
20 

Janesville,  Wis.,  loam. 

Hagerstown,  Pa.,  clay 

loam 

29 

97 

The  movement  of  solutions  through  mortar  is  dis- 
closed by  the  formation  of  crystalline  deposits  such  as 
are  illustrated  in  the  photomicrograph  shown  in  figure  2. 

ELECTROLYTIC  PROPERTIES  OF  MINUTE  FILMS  IMPORTANT  IN  THE 
STABILIZATION  OF  SOIL 

The  theory  of  adhesives  u  has  much  significance  in 
the  selection  of  chemical  admixtures  for  stabilizing 
soils.  For  a  given  cementing  material  to  adhere 
strongly  to  a  solid  surface  it  must  be  adsorbed  at  the 
solid  surface;  it  must  wet  the  solid  surface  and  form  a 
liquid  film  there.  For  an  adhesive  to  wet  a  soil  par- 
ticle coated  with  an  existing  soil  gel  or  in  the  presence 
of  air,  the  adhesive  must  be  adsorbed  more  strongly 
than  either  the  gel  or  the  air  and  must  displace  which- 
ever one  is  present. 

After  a  period  of  drought,  adsorbed  air  on  the  surface 
of  dust   particles   will   often   cause   raindrops    to   roll 

"See  Applied  Colloid  Chemistrv.  by  Wilder  D.  Bancroft.    McGraw-Hill  Hook 
Co.,  Inc.,  New  York  and  London,  1932. 


EVAPORATION     REMOVES    WATER  I 

CRYSTAL    GROWTH    BEGINS     AT    TOP   OF    PAVEMENT 
IN    FISSURES     AND    PROGRESSES    DOWNWARD; 
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CAPILLARY     ACTION     CARRIES 
WATER    THROUGH    PAVEMENT      • 

<7        O       *  O      *        *■  .■*       °    0-*-4- 

r  i    ^    r  t 

1  'water  enters  slab  here1 

water   removes  soluble  chemicals  from   subgrade 

Figure  1. — Illustrating  Growth  of  Crystals  by  Chemicals 
Thrown  Out  of  Sou  i 

along  in  the  dust  without  wetting  it.  Even  after  a 
heavy  shower  the  dust  may  be  wetted  only  to  a  depth 
of  less  than  \{  inch.  Any  treatment  that  cuts  down  the 
amount  of  adsorbed  air  makes  the  dust  more  easily 
wetted.  In  like  manner  any  treatment,  that  reduces 
the  affinity  of  the  soil  particle  for  the  existing  film  of 
gel  with  which  it  may  be  co\  ered  makes  t  he  soil  particle 
easier  to  coat  with  the  soil-stabilizing  adhesive. 

However,  materials  used  to  reduce  or  increase  the 
affinity  of  soil  particles  for  existing  coatings  can  be 
selected  only  after  obtaining  some  knowledge  of  the 
electrolytic  properties  of  the  soil  particles,  of  the 
existing  films,  and  of  the  proposed  adhesives. 

For  a  given  adhesive  and  given  soil  particles,  the 
thinnest  film  is  the  strongest.  A  slight  change  in 
either  the  adhesive  or  the  materials  to  be  cemented  is 
sufficient  to  cause  considerable  variation  in  the  thick- 
ness of  the    adhesive    film   and   consequently  in    the 
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Figure  2. — Deposits  of  Chemical  at  Edges  of  Fissure  in 
Mortar.  Length  of  Fissure  Shown  About  One-Six- 
teenth Inch.     Magnified  55  Diameters. 

strength  of  the  resulting  mixture  of  adhesive  and  ag- 
gregate. 

A  knowledge  of  the  chemical  composition  of  materials 
serves  to  throw  some  light  on  their  electrolytic  proper- 
ties. The  chemical  composition  of  the  water-soluble 
constituents  of  soils  controls  to  some  extent  the  electro- 
lytic properties  of  the  existing  gel  films.  This  explains 
the  interest  aroused  in  the  study  of  soil  solutions  in 
connection  with  research  on  soil  stabilization  by  means 
of  chemicals  or  admixtures  of  substances  other  than 
soil  materials.  Such  research,  however,  is  just  getting 
under  way.  To  date  microchemical  analyses  have 
been  used  principally  in  studying  the  durability  of 
concrete  and  the  warping  of  concrete  pavements. 


SIMPLE  PROCEDURE  INVOLVED    IN    ANALYSIS  BY  THE  MICRO- 
CHEMICAL   METHOD 

Examination  has  been  made  of  samples  of  subgrade 
soil  and  concrete  from  numerous  locations  in  the  United 
States,  of  samples  of  ground  water  and  solutions  of  soil 
chemicals  made  synthetically,  and  of  cement  mortar 
samples  treated  specially  in  the  laboratory.  The 
procedures  used  were  essentially  as  follows: 

Soil  samples. — Thirty-five  grams  of  soil,  air  dried 
and  prepared  as  for  routine  subgrade  tests  (see  Public 
Roads,  September  1931),  were  placed  with  30  grams  of 
distilled  water  in  a  crystallizing  dish  about  2  inches  in 
diameter  and  l)i  inches  high  and  were  thoroughly 
mixed  four  times  by  stirring  at  intervals  of  1  hour. 
The  apparatus  used  is  shown  in  figure  3.  One  hour 
after  the  last  mixing  the  solution  portion  of  the  mixture 
was  decanted  with  a  pipette  and  filtered  through  high- 
grade  filter  paper.  Six  drops  of  the  filtrate  were  then 
placed  on  a  glass  slide  which  was  then  placed  in  a 
desiccator.  The  slide  was  examined  under  the  micro- 
scope when  the  liquid  had  evaporated.  Photomicro- 
graphs were  made  of  the  crystal  formations  either  as 
nuclei  or  as  a  mass. 

Cement  mortar  and  scale  samples. — Samples  of  con- 
crete, concrete  scale,  and  the  like  were  pulverized  in  a 
mortar  with  a  pestle.  Twenty-five  grams  of  the  result- 
ing powder  and  15  grams  of  distilled  water  were  then 
placed  in  a  crystallizing  dish.  The  mixture  was  stirred 
and  the  slides  were  then  prepared  in  the  same  manner  as 
was  done  with  the  soil  samples. 

Ground  water. — Ground  water,  sampled  full-strength 
in  the  field,  was  filtered  in  the  laboratory  in  the  same 
manner  as  the  soil  and  scale  solutions.  Slides  were 
made  from  the  resulting  filtrates  in  the  manner  just 
described  for  the  soil  filtrates. 

Solutions  of  known  chemicals  and  synthetic  alkalis. — 
Solutions  of  known  chemicals  and  synthetic  alkalis 
were  filtered  and  then  examined  in  the  same  manner  as 
the  other  filtrates  described  above. 


Figure  3. — Apparatus  Used  in  the  Preparation  of  Samples  for  Microscopic  Examination. 
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A  -DILUTE      SODIUM     HYDROXIDE 
50  D 


B  -  C0NCENTRA1 
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C-  SODIUM     CARBONATE 
100  D 


IDIUM    CHL1 
100  D 


E-  DILUTE     SODIUM    SULPHATE 
IOOD 


F-  MODERATE    SODIUM    SULPHATE 
IOOD 

Figure  4. — Typical  Sodium  Crystals. 


G  -  CONCENTRATED   SODIUM    SULPHATE 
64  D 


TYPICAL  CRYSTALS  OF  WATER-SOLUBLE  MATERIALS 
PHOTOGRAPHED 

Figures  4,  5,  and  6  show  photomicrographs  of  crystals 
>f  the  well-known  chemicals  examined.  An  attempt 
yas  made  to  include  the  constituents  of  common  soils 
ind  chemicals  that  various  authorities  believe  may 
.ttack  concrete.13     In  figure  4  and  those  that  follow 


the  magnification  is  shown  in  diameters,  the  letter  "D" 
being  used  to  indicate  diametei 


» Disintegration  of  Concrete,  report  of  committee  bo.  803,  by  O.  M.  Will 
Journal  A.  C.  I  .  vol.  l.  no.  1,  November  19 

The  Action  of  Sulphate  Water  on  Concrete,  by  D.  '■   Miller,  r  -,  vol. 

8,  no.  9,  November  1927.  ,     ,       ,    ,, 

The  Causes  of  Concrete  Destruction  on  Reconditioned  Soils,  by  I      H 
Proceedings  First  International  Congress  of  Soil  Science,  1927,  pp  Si 
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C- CALCIUM  SULPHATE.   CRYSTAL  .  1.7    D 


d -calcium  sulphate.  45  d  e"calc 

Figure  5. — Typical  Calcium  Crystals 

Formed  From  a   Weak   Solution   and   E  Shows  Crystals 
Formed  From  a  Strom;  Solution. 


I    SULPHATE  45  D 

I )  Show  s  Crystals 


Additional  information  on  the  appearance  of  typical 
crystals  is  furnished  by  a  number  of  reproductions  of 
photomicrographs  by  Arthur  W.  Doubleday  u  and 
drawings  by  Carl  G.  Hinricks.15 

Terms  such  as  "strong,"  "normal,"  "weal';,"  and 
"amorphous"  were  used  to  designate  the  degrees  of 
crystal  concentration  found. 

"Strong"  signifies  a  vigorous  mass-growth,  one 
crystal  occasionally  extending  throughout  the  held  of 
vision  (figs.  4  B  and  5-E). 

"  Normal"  was  used  to  signify  definitely  formed  indi- 
vidual crystals  distributed  generally  throughout  the 
field  of  vision  (figs.  4-D  and  6-C). 

"Weak"  was  used  to  designate  crystal  nuclei  of 
which  a  relatively  few  occurred  in  the  field  of  vision 
(figs.  5-B  and  6-E). 

"Amorphous"  was  used  to  designate  growths  similar 
in  appearance  to  cement  mortar  (fig.  6-F). 

It  is  interesting  to  note  how  the  crystals  of  some 
chemicals  differ  in  character  due  to  differences  in  the 
strengths  of  the  solutions  from  which  the  crystals  were 
obtained.     This  is  true  of  crystals  from  sodium  hydrox- 

"<  Photomicrograph1;  of   Crystallizable   Salts,   by    Arthur    W.    Doubleday,    1916 
Research  Publishing  Co  .  Boston,  Ma 
i»  Micro-chemical  Analysis,  by  Carl  Q    Hinricks. 


ide  (figs.  4-A  and  4-B),  from  sodium  sulphate  (figs. 
4-E,  4-F,  and  4-G),  and  from  calcium  sulphate  (figs. 
5-D  and  5-E).  This  was  not  found  true  for  crystals 
from  magnesium  sulphate  solutions. 

The  calcium  sulphate  or  gypsum  crystal  shown  in 
figure  5-C,  has  a  maximum  lineal  dimension  of  about 
2  inches.  It  was  obtained  by  W.  I.  Watkins  from 
the  Red  River  valley  in  Minnesota.  Samples  of  gumbo 
soil  from  this  location  were  examined  in  connection 
with  studies  of  the  warping  of  concrete  pavements. 
The  alkali  crystals  (fig.  6-C)  were  made  up  syntheti- 
cally to  represent  crystals  that  might  be  expected  to  be 
formed  by  the  water  at  Billings,  Mont.  The  effect  of 
this  water  on  concrete  has  been  extensively  studied.18 
The  alkali  crystals  and  those  shown  in  figure  6-E  have 
a  typical  saw-buck  form  similar  to  crystals  from  dilute 
sulphate  solutions. 

The  crystals  shown  in  figures  6-F  and  6-G  are  from 
two  samples  of  the  same  cement  mortar.  The  sample 
of  figure  6-G  was  subjected  to  the  action  of  a  synthetic 
alkali  solution  while  that  represented  by  figure  6-F  was 
not  subjected  to  such  action.  The  mortar  furnishing 
the  crystals  showTn  in  figure  6-G  was  obtained  from 
that  portion  of  a  test  sample  located  about  2  inches 
above  the  portion  of  the  sample  in  contact  with  the 
chemical  solution.  The  treatment  had  progressed  for 
about  2  months. 

The  hexagonal  crystals  from  the  treated  mortar 
(fig.  6-G)  were  probably  produced  by  the  same  sul- 
phates that  produced  the  saw-buck  crystal.  The  hex- 
agonal form  of  the  sulphate  crystal  has  been  found 
only  in  cement  mortars  and  concretes,  and  may  be  due 
to  the  presence  of  sulphur  in  the  mortar  as  well  as  in 
the  penetrating  chemical  solution. 

VARIABLES  AFFECTING   CRYSTAL  GROWTH   DISCLOSED  BY  OBSER- 
VATIONS ON  MORTAR  SAMPLES  IN  THE  LABORATORY 

Field  inspections  of  concrete  pavements  show  that 
crystal  growth  is  quite  erratic,  occurring  at  times  on  one 
side  of  the  pavement  and  not  on  the  other,  and  even  in 
one  portion  of  a  slab  and  not  in  the  remainder.  This 
suggests  the  possibility  that  mixing  or  curing  conditions 
in  addition  to  characteristics  of  materials  may  influence 
crystal  growth.  Variables  that  should  be  investigated 
are  the  amount  of  water  used  in  the  mixture,  the  manner 
of  curing,  and  the  loss  of  moisture  from  the  slab  by 
evaporation  due  to  temperature  and  wind  and  due  to 
absorption  by  the  subgrade  soil. 

Some  information  wras  obtained  on  this  phase  of  the 
problem  as  a  result  of  observations  made  on  three  sets 
of  samples  subjected  to  the  action  of  synthetic  alkali 
solutions  in  the  laboratory.  The  first  set  consisted  of 
8  samples,  2  inches  in  diameter  and  1%  inches  high 
made  with  1:2  mortar  in  the  spring  of  1932.  The  second 
set  consisted  of  8  samples,  4  inches  wide,  6  inches  long, 
and  /2  inch  thick  made  with  1:1K  mortar  at  the  same 
time  as  the  first  set.  The  third  set  consisted  of  4 
samples,  4  inches  in  diameter  and  4  inches  high,  made 
with  1:1/2  mortar  in  the  spring  of  1933. 

All  of  these  samples  were  placed  on  porous  sand  bases 
saturated  with  alkali  solution.  An  impervious  seal  was 
placed  around  each  sample  to  prevent  the  escape  of  the 
alkali  solution  except  by  capillary  action  through  the 
sample. 


n  Bulletin  No.  81  of  Montana  Agricultural  College  Experiment  Station. 
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A-MAGNESIUM     SULPHATE 
275  D 


B-POTASSIUM     SULPHATE 
64-D 


C  -  ALKALI 
200D 


D  -  POTASSIUM      IODIDE 
200  D 


E-    CALCIUM     CHLORIDE    AND 
MAGNESIUM     SULPHATE.  450D 


FROM    NORMAL    CEMENT    MORTAR 
50D 


G- 


3TAR    AFTER    TREATMENT    WITH 
MAGNESIUM     AND     SODIUM     SULPHATES.   SOD 


Figure  G. —  Miscellaneous  Crystals. 


Observations  of  these  samples  definitely  disclosed  that 
disintegration  is  caused  by  solutions  drawn  upward  by 
capillary  action.  The  disintegration  began  at  the  top 
di  samples  and  progressed  downward.  It  was  also 
disclosed  that  the  rate  at  which  disintegration  occurs,  if 
it  occurs  at  all,  is  considerably  affected  by  slight  changes 
in  materials,  in  the  method  of  mixing  and  placing,  and  in 
the  curing.  Figure  7  shows  variations  in  the  condition 
>f  samples  of  the  first  set  after  subjection  to  the  alkali 
iction  lor  approximately  6  weeks. 

In  studying  the  durability  of  concrete,  inspections 
•verc  made  of  many  concrete  pavements  and  some  atten- 
tion was  also  given  to  culverts,  retaining  walls,  piers, 
ibutments,  and  sidewalls.  Aside  from  pavements  in 
jood  condition,  the  examinations  were  confined  to  areas 
with  conditions  as  shown  in  figure  8. 
|  In  general,  concrete  pavements  and  adjacent  sub- 
grades  were  sampled  in  the  following  manner:    A  loca- 


tion representative  of  conditions  was  selected  after 
careful  visual  inspection  and  the  soil  was  sampled 
through  a  hole  dug  in  the  shoulder  adjacent  tot  he  pave- 
ment as  shown  in  figure  '.).  The  concrete  was  sampled 
above  the  location  of  the  soil  sample  by  means  of  ham- 
mer and  drill.  Results  of  the  analyses  are  shown  in 
figures  10  to  18  inclusive. 

Figure  11  shows  crystals  formed  from  subgrade  soli 
beneath  pavements  in  New  York  State. 

Figure  13  show-  a  disintegrated  concrete  gutter,  a 
scaled  pavement,  adjacent  to  the  gutter,  a  crystal  pro- 
duced from  the  mortar  of  the  gutter,  and  a  crystal  pro- 
duced from  the  subgrade  soil  beneath  the  gutter. 

Figure  1  1  shows  a  miscellaneous  group  of  saw-buck 
crystals  formed  from  subgrade  soils  beneath  pavements 
that  had  scaled  and  crystals  formed  from  concrete  sur- 
faces and  structures  that    had  deteriorated. 
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Figure  7. — Cement  Mortar  Samples  Subjected  to  Sulphate 

Action. 


Figure  9. — Method  of  Sampling. 
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BOTTLED   SLAB.  SERVICEABILITY 
NOT   REDUCED.  AGE  7  YEARS 


B-  PROGRESSIVE  SCALE 
AGE  9  YEARS 


^-CONCRETE  POWDERtD    AND  D.-  MAP    CRACKING 

COHESIONLESS.AGE.  10  YEARS  AGE  4  YE.ARS 

Figure  8. — Types  of  Pavement  Condition  Indicative  of  Crystal  Growth. 
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205  D 


65  D 


Figure  10. — Crystals  Formed  From  Deteriorated  Structures  and  the  Adjacent  Soil  and  Water.  A,  From  Soil 
Under  Progressively  Scaled  Section  of  Road  in  Virginia.  The  Fissure  Shown  in  Figure  2  Was  in  a  Scaled 
Section  of  This  Road.  B,  From  Disintegrated  Tile  in  Damaged  Wall  in  Buffalo,  N.  Y.  C,  From  a  Badli 
Disintegrated  Wall  in  Pennsylvania.  D,  From  Water  Flowing  Over  Same  Wall  as  in  C.  E,  Amorphus  Calcium 
Carbonate  From  Soil  in  Pennsylvania.  F,  From  Soil  Under  Fissured  Pavement  Shown  in  H.  G,  Salt  Crystals 
From  Concrete  in  Badly  Cracked  and  Checked  Road  in  Alabama.     H,  Fissured  Pavement  in  Georgia. 

Figure  15  shows  crystals  produced  from  a  scaled  sec- 
tion of  concrete  slab,  and  also  from  the  saturated  sand 
cushion,  the  ground  water,  and  the  subgrade  soil  be- 
neath the  slab. 

Figure  16  shows  damage  to  new  and  old  sections  of  a 
retaining  wall  and  sulphate  crystals  formed  from  sam- 
ples from  the  new  wall  and  from  the  soil. 

Figure  17  shows  the  hexagonal  form  of  sulphate 
crystals  made  from  six  samples  of  mortal'  from  different 
concrete  structures.  Five  of  the  six  structures  showed 
evidences  of  scaling.  The  lower  right  crystal  was 
made  from  a  sample  from  the  culvert  head-wall  shown. 

The  upper  pictures  of  figure  18  show  salt  crystals 
formed  from  deteriorated  concrete,  probably  damaged 
by  ice-prevention  measures.  The  lower  pictures  of 
figure  18  show  strong  sulphate  crystals  made  from 
spring  wrater  from  a  side-hill  cut  adjactenl  to  concrete 
that  had  disintegrated. 

laboratory  tests  convincing  that  harmful  chemicals  are 
deposited  by  capillary  action 


The  foregoing  data  have  been  presented  to  demon- 
strate the  suitability  of  the  microchemical  method  of 
analysis  for  determining  the  presence  of  chemicals  in 


Figure   11.     Progri  3i  w.im.  of  Pavement,  and  Crys- 

tals Formed  from  Soil  Sampler  Taken   from    Beneath 

i  m  i,   Pavemi 
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A-I30D 


D-64D 


E-2I5D 


F-50D 


Figure  12-  Typical  Crystals  from  Soils  and  Mortars.  A,  From  Red  River  Valley  Gumbo  in  Minnesota.  B, 
and  C,  From  Deteriorated  Pavement  Slab  in  Alabama.  D,  From  a  Texas  Soil  Associated  with  Pavement  Wartime 
E  and  F,  From  California  Soils  Associated  with  Pavement  Warping. 


ALL-l  r&\ 


, 


■' 


Figure  13. — Scaling  of  Concrete  Gutter  and  Adjacent  Road  Surface.  The  Left  Inset  Shows  a  Crystal  (220  D) 
Formed  from  the  Soil  Beneath  the  Gutter,  and  the  Right  Inset  Shows  a  Crystal  (70  D)  Formed  from  a 
Sample  of  Concrete  from  the  Gutter. 
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ROAD     64D 


CULVERT  64D 


ROAD    I30D 


ROAD    I30D 


ABUTMENT    I30D 


Figure  14. — The  Two  Upper  Rows  Show  Crystals  Formed  from  Soils  Beneath  Pavements  that  had  Scaled.  The 
Lower  Row  Shows  Similar  Crystals  Formed  from  Concrete  that  had  Deteriorated,  the  Source  of  Each 
Crystal  Being  Indicated. 


weak  solutions  containing  soluble  constituents  of  soil, 
concrete,  or  other  materials. 

In  studies  of  soil  stabilization  it  is  important  thai 
something  be  known  of  the  character  of  the  films  sur- 
rounding soi)  particles.  This  is  indicated  by  studies 
made  by  K.  C.  Schappler  of  the  Missouri  State  High- 
way Department.  Referring  to  clay  binders  1T  he  states 
that: 

The  nature  of  the  ions  held  on  the  surface  of  the  colloid,  he- 
sides  atfecting  the  plastic  index  of  the  soil,  also  influences  the 
vapor  pressure  and  the  swelling  properties  of  the  clay  in  contact 
with  free  water  surfaces.  The  importance  of  the  above  facts  is 
apparent  since,  by  taking  advantage  of  the  base  exchange  capac- 
ity of  the  soils  available,  it  is  possible  in  some  cases  to  adjust  the 
properties  of  soil  so  as  to  supply  a  satisfactory  binder.  With  a 
given  soil  it  is  possible  to  select  a  cation  for  exchange  which  will 
result  in  a  small  amount  of  swelling,  a  relatively  large  plastic 
index  and  a  low  vapor  pressure. 

None  of  our  highway  surfaces  are  ideal  in  composition 
since  they  all  have  voids  or  interstices  filled  with  un- 
stable materials,  air  or  water  being  the  most  common. 
The  distribution  of  these  voids  has  been  shown  by 
Professor  Taber's  experiments  to  be  of  primary  impor- 
tance. A  rigid  body  of  porous,  homogeneous  material 
will  withstand  weathering  much  better  than  a  body 
having  a  fissured  or  laminated  composition.  The  fis- 
sured condition  produces  planes  of  weakness  and  the 
lissures  are   accentuated   by  thermal  changes,  (low   of 

17  Stabilizing  Sand  and  Gravel  Surfaces,  bj  LI.  C  Schappler,  an   unpublished 
presented  at  the  Kansas  Highway  Conference,  Manhattan,  Kans  .  Peb.  5,  lf>34. 
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Figure  16.— Disintegrated  Retaining  Walls  and  Crystals 
Formed  from  the  Concrete  and  Adjacent  Soil  Indicating 
Presence  of  Sulphates. 

moisture,  and  concentration  of  deposited  material 
carried  in  solution  or  suspension.  Fissured  surfaces  of 
materials  such  as  rock,  wood,  and  concrete  often  have 
a  ridge  of  foreign  material  along  the  opening  of  each 
fissure. 

All  natural  waters  carry  some  material  in  solution  or 
suspension,  and  the  logical  sources  of  the  material  are 
the  soil  and  the  atmosphere,  ({round  water  with  con- 
centrations of  chemicals  as  low  as  seven  parts  per  mil- 
lion of  potash  and  one-half  part  per  million  of  phosphoric 
acid  will  sustain  the  growth  of  wheat,  corn,  or  hay. 
Ground  waters  and  river  waters  as  a  rule  have  much 
higher  concentrations  and,  in  addition  to  the  potash  and 
phosphoric  acid,  they  may  contain  crystal-forming 
chlorides,  sulphates,  and  carbonates.  A  concrete  pave- 
ment does  not  have  a  root  system  for  collecting  water 
from  dee])  in  the  soil  but  subgrades  often  have  high 
capillarity  and  are  capable  of  continuously  supplying 
moisture  to  the  bottom  of  the  pavement' slab.  The 
amount  of  moisture  entering  the  bottom  of  the  slab  and 
escaping  by  evaporation  from  the  top  depends  upon  the 
permeability  of  the  concrete 

Laboratory  tests  on  mortar  samples  clearly  disclosed 
how  solutions  in  contact  with  the  bottom  of  the  samples 
were  able  to  pass  up  through  the  mortar,  deposit  crys- 
tals, and  thus  cause  deterioration  beginning  at  the  tops 
of  the  samples.  With  the  crystal  growth,  there  was  a 
horizontal  expansion  of  the  mortar  amounting  to  as 


105  D 


3  50D 


225D 


Figure  17. — Six-sided  Crystals  from  Deteriorated  Con- 
crete. The  Crystals,  with  the  Exception  of  the  One 
Illustrated  on  the  Lower  Right,  Were  Made  from 
Samples  of  Road  Surfaces.  The  Lower  Right  Crystal 
Was  Made  from  a  Sample  of  the  Culvert  Head-wall 
Shown. 

much  as  several  percent  in  a  month  and  occurring 
throughout  the  height  of  the  sample. 

Some  samples  were  able  to  withstand  sulphate  action 
indefinitely  without  showing  any  signs  of  distress.  In 
others  resistance  to  the  sulphate  action  varied  greatly 
depending  upon  the  water-cement  ratio  used  in  mixing 
and  also  upon  the  methods  of  curing. 

Table  5  is  based  on  the  field  studies  made  and  shows 
that  of  the  98  samples  of  mortar  from  sections  of  pave- 
ment that  had  scaled,  71  contained  soluble  chemicals; 
78  were  from  sections  constructed  on  subgrade  with  poor 
drainage ;  88  were  on  subgrades  with  high  capillarity ;  and 
65  were  on  subgrades  that  furnished  crystals,  of  which 
39  were  of  the  saw-buck  type. 

Of  28  samples  of  mortar  from  pavements  that  had  not 
scaled,  but  5  contained  soluble  chemicals,  only  one  of 
which  furnished  crystals  of  the  saw-buck  type.  Twenty- 
two  samples  were  from  sections  laid  on  poorly  drained 
subgrades,  23  were  from  sections  on  subgrades  with  high 
capillary  properties,  and  12  were  from  sections  on  sub- 
grades  furnishing  crystals  four  of  which  were  of  the 
saw-buck  type. 

Of  43  samples  of  mortar  from  pavements  located  on 
subgrade  soils  yielding  the  sulphate  crystal  of  saw-buck 
shape,  39  were  from  pavements  that  had  scaled. 

In  some  instances,  the  data  may  seem  to  indicate 
quite  positively  that  a  definite  relation  exists  between 
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Table  5. — Classification  of  pavement  and  subgrade  samph 


Subgrade  soil 

Drainage  conditions 

Capillary  properties 

ils  of  soluble  chemicals 

A 
Good 

B 

Poor 

Ratio 
A:B 

C 
Low 

D 

High 

Ratio 
C   D 

E 

None 

F 

Saw  buck 
type 

G 

other 
types 

Ral  i" 

11 
None 

I 
type 

J 

other 
types 

Ratio 

Good... 

Number 
6 
20 

Number 
22 
78 

1:3.7 
1:3.9 

Number 
5 
10 

Number 
23 
88 

1:4.6 
1:8.8 

A  ii  in  In  : 
16 
33 

Number 
4 
39 

Number 

8 

211 

1:0.8 
1:2.0 

Number 

27 

X  umber 

1 

21 

Number 
4 
50 

1:0.2 

Scaled 

i .  2. »; 

Total.. 

126 

126 

1 26 

the  performance  of  pavements  and  the  occurrence  or 
the  character  of  soluble  chemicals  in  the  subgrade  soils 
under  the  pavements.  However,  the  pavements 
studied  have  been  subjected  to  a  number  of  other 
influences  with  individual  effects  that  have  not  been 
disclosed  by  the  present  investigations. 

Crystals  from  the  Red  River  valley  gumbo  soil 
on  which  pavement  slabs  had  warped  slightly  were 
similar  to  gypsum  crystals  that  were  found  in  a  Mis- 
sissippi soil  under  warped  pavement  investigated  by 
the  bureau.18  Saw-buck  crystals,  indicative  of  the 
presence  of  sulphates,  were  found  also  in  Texas  and 
California  soils  under  slabs  that  had  warped.  However, 
it  is  not  yet  definitely  known  whether  the  presence  of 
the  sulphates  was  due  to  a  coincidence  or  if  they  were 
factors  contributing  to  the  warp. 

Until  the  relative  effect  of  such  variables  as  the 
drainage  and  physical  characteristics  of  the  subgrade 
has  been  determined,  data  on  the  association  of  the 
water-soluble  constituents  of  the  subgrade  soil  and  the 
occurrence  of  crystal  growth  in  concrete  pavements 
can  be  considered  of  value  only  as  assistance  to  those 
interested  in  making  similar  research.  Information  is 
presented  for  this  reason  and  not  because  it  is  in  any 
way  conclusive. 

CONCLUSIONS  PRESENTED 

Results  of  investigations  seem  to  indicate  that  in 
studies  of  the  factors  affecting  the  performance  of 
concrete  surfaces  and  structures  careful  consideration 
should  be  given  to  the  drainage  of  the  subgrade,  the 
capillarity  of  the  subgrade  soil,  and  the  water-soluble 
constituents  in  both  the  concrete  and  the  contiguous 
soil. 

While  much  yet  remains  to  be  learned  regarding  the 
microchemical  method  of  analysis,  it  seems  to  be 
especially  promising  for  use  as  an  indicator  of  the 
presence  of  very  small  amounts  of  soluble  constituents 
in  cements,  mortars,  road  soils,  and  similar  substance^. 

»  See  The  Soil  Profile  and  the  Subgrade  Survey  by  W.  I.  Watkins  and  Henry 
Aaron,  Puplic  Roads,  vol.  12,  no.  7,  September  1931. 
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130  D 


Figure  18. — The  Upper  Row  Shows  Salt  Crystals  Made 
fromjs.ymples  of  concrete.  the  lower  illustrations 
Show   Sulphate  Crystals  Made  from  Spring  Water. 


PUBLICATION  ON  BRIDGE  PIERS  AVAILABLE 

Bridge  Piers  as  Channel  Obstructions,  by  David  L. 
Yarnell,  senior  drainage  engineer  of  the  Bureau  of 
Agricultural  Engineering,  has  recently  been  published 
by  the  Department  of  Agriculture  as  Technical  Bul- 
letin No.  442. 

This  bulletin  presents  the  results  of  numerous 
experiments  on  the  obstruction  of  bridge  piers  to  the 
flow  of  water.  It  describes  test  procedures  used  and 
develops  coefficients  for  different  shapes  of  piers  using 


larger  piers  and  a  more  extensive  range  of  conditions 
than  has  hitherto  been  attempted.  The  four  bridge- 
pier  formulas  most  commonly  used  in  the  United 
States  are  discussed. 

The  bulletin  contains  numerous  illustrations,  char!-, 
and  applications  of  the  bridge-pier  formulas  to  test  and 
theoretical  conditions. 

Copies  of  this  publication  may  bo  purchased  from 
the  Superintendent  of  Documents,  Government  Print- 
ing Office,  Washington,  D.  C,  for  10  cents  each. 
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Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .  .  Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 
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FURTHER  STUDIES  OF  LIQUID  ASPHALTIC 

ROAD  MATERIALS 

BY  THE  DIVISION  OF  TESTS,  U.  S.  BUREAU  OF  PUBLIC  ROADS 


Reported  by  R.  H.  LEWIS  Associate  Chemist,  and  W.  OB.  HILLMAN,  Assistant  Highway  Engineer 


IN  A  REPORT  recently  published  by  the  Bureau  of 
Public  Roads  on  A  Study  of  Some  Liquid  Asphaltic 
Materials  of  the  Slow-Curing  Type,1  it  was  shown  that 
the  action  of  sunlight,  heat,  and  air  on  these  materials 
when  exposed  in  relatively  thin  films  produced  residues 
with  physical  and  chemical  characteristics  differing 
greatly  from  those  of  the  residues  developed  in  the  usual 
laboratory  heat  tests.  It  was  also  shown  that  when  these 
materials  were  mixed  with  a  standard  sand,  molded  into 
cylinders  by  the  Hubbard-Field  method,  and  subjected 
to  the  same  exposure  conditions  as  the  thin  films,  they 
developed  stability,  or  bonding  strength  that  could  not 
be  attributed  entirely  to  the  loss  of  volatile  matter. 

MATERIALS  STUDIED  TYPICAL  OF  ALL  CLASSES  OF  LIQUID  ASPHAL- 
TIC MATERIALS  FROM  PRINCIPAL  PRODUCING  AREAS 

The  materials  used  in  the  earlier  investigation  were 
slow-curing  liquid  asphalts.  They  were  the  products  of 
10  refineries  located  in  the  far  and  middle  West.  In  fur- 
ther studies  conducted  in  1933,  that  are  the  subject  of 
this  report,  32  materials  typical  of  the  slow-,  medium-, 
and  rapid-curing  types  of  liquid  asphaltic  materials  were 
used.  These  samples  are  identified  in  table  1  and  were 
the  products  of  25  refineries  located  in  all  sections  of  the 
country  and  probably  were  made  from  petroleums  of 
widely  different  bases  and  by  various  refining  processes. 

Table  1. — Products  tested 


Sample 
identifi- 
cation 


Labo- 
ratory 

Type 
of 

material 

Pro- 

Refin- 

num- 
ber 

ducer 

ery 

36626 

SC-2 

1 

1 

34354 

SC-2 

2 

2 

35130 

SC-2 

2 

3 

35481 

SC-3 

3 

4 

:o;il'.-, 

SC-3 

3 

5 

36045 

SC-3 

4 

6 

36945 

i  SC-2 

5 

7 

:«.;.-'.is 

SC-2 

6 

8 

35195 

i  SC-2 

7 

9 

3.-,i.(l 

i  SC-2 

8 

10 

35200 

2  SC-1 

9 

11 

35396 

■  SC-2 

9 

11 

36026 

SC-3 

9 

11 

35351 

SC-2 

2 

12 

35180 

31     2 

2 

13 

35181 

SC-2 

2 

11 

35103 

SC-2 

10 

15 

35367 

SC-2 

10 

16 

34322 

SC-2 

11 

17 

36089 

SC-2 

12 

18 

39161 

SC-2 

13 

19 

39162 

2  SC-3 

13 

19 

39068 

i  SC-2 

7 

20 

34285 

RC-2 

14 

21 

36762 

iRC-2 

3 

22 

35345 

RC-2 

2 

12 

35352 

'MC-1 

2 

12 

35247 

RC-2 

7 

23 

36771 

RC-2 

15 

24 

33607 

3  MC-2 

16 

25 

32916 

MC-2 

2 

13 

32622 

Ml     2 

13 

19 

Location  of 
refinery 


Oklahoma 

Missouri 

Illinois 

do 

Wyoming 

Arkansas 

do _ 

Oklahoma. 

West  Virginia.. . 
Rhode  Island... 

Louisiana 

do 

..—do 

Indiana 

Wyoming 

.—do. 

Indiana 


Illinois 

—do 

California. 

do 

do 

South  Carolina  . 

New  Jersey 

do --. 

Indiana 

do 

Maryland 

do 

Wyoming.- 

do 

California- 


Remarks 


Included  in  1932  ex- 
posure, 
do. 
do. 
do. 
Steam-reduced  Cali- 
fornia residual  oil. 


1  Furol  viscosity  was  below  specification  limit. 

2  Furol  viscosity  was  above  specification  limit. 

3  Penetration  of  distillation  residue  was  below  specification  limit. 


1  R.  11.  Lewis  and  W.  O'B.  Hillman,  Public  Roads.  June  19   '  no.  1. 

2297—35 1 


As  shown  in  table  1,  23  of  the  materials  were  of  the 
slow-curing  type,  of  which  4  samples  were  tested  in 
1932  and  were  included  in  this  study  for  comparative 
purposes.  Four  were  of  the  medium-curing  type  and 
five  were  rapid-curing  products.  They  mel  the  pro- 
visional specifications,  as  given  in  table  2,  of  the  Bureau 
of  Public  Roads  and  the  Asphalt  Institute,  except  as 
noted  in  table  1.  Samples  21  and  22  were  the  only 
slow-curing  products  for  which  there  was  any  definite 
information  as  to  origin  or  method  of  manufacture. 
Both  of  these  materials  were  steam-reduced  California 
residuals  without  subsequent  blending.  All  of  the 
rapid-curing  products  were  prepared  from  85-100  pene- 
tration asphalt  and  solvent  naphtha.  The  composition 
of  sample  27  was  unknown  but  the  other  medium-curing 
products,  samples  30,  31,  and  32,  were,  respectively, 
110-120  penetration  asphalt,  94+  asphaltic  road  oil, 
and  100-120  penetration  asphalt  fluxed  with  a  heavy 
grade  of  kerosene.  These  three  medium-curing  mate- 
rials, although  subjected  to  all  of  the  laboratory  tests, 
were  exposed  only  under  special  conditions  that  are 
described  later  in  this  report. 


Table  2. 


Specification  requirements  for  grades  of  liquid  a* phallic 
rood  materials  investigated 


Flash  point,  °F.._ 

Furol  viscosity  at  77°  F.,  seconds... 
Furol  viscosity  at  122°  F.,  seconds.. 
Furol  viscosity  at  140°  F.,  seconds.. 
Total  distillate  to  437°  F.,  percent 

by  volume 

Total  distillate  to  6C0°  F.,  percent 

by  volume 

Total  distillate  to  680°  F.,  percent 

by  volume 

Tests  on  distillation  residue: 

Float  at  122°  F.,  seconds 

Penetration  at  77°  F 

Ductility  at  77°  F.,  centimeters. 
Soluble  in  CS2,  percent 


SC-1      SC 


150+ 
20-150 


50 
50- 


99.0+ 


200+ 


200-320 


15- 
25- 
25+ 


99. 0+ 


SC-3      -Mi'   1    MC-2     RC 


200+ 


150-300 


10- 
20- 


40-150 


10- 

25+ 
50- 


60+ 


150+ 


150  250 


in  .'0 


10+ 
20+ 
35- 


The  test  procedure  followed  that  of  the  1932  study 

except  that  the  fixed-carbon  tesl   was  omitted  as  the 

changes  in  inherent  characteristics  that  occurred  under 

laboratory  and  exposure  conditions  appeared  to  he  more 

strikingly  illustrated   by  the  test  for  solubility  in  86°  B. 

naphtha.      Two   new   tests   were   added.      The   ()lien<i< 

I  '    lor   heterogeneity    was    made    on    the    original 

materials  and  on  all  of  the  residues,  except  those  from 

the  50-gram  oven-loss  test  and  the   LO-week  exposure 

i,  and  the  original  material-  were  examined  micro- 

ipically.     The  results  of  the   tests  on  the  original 

materials  are  given  in  table  3  and  a  detailed  analysis 

of  the  residues  obtained  in  the  routine  laboratory  ti 

i.  given  in  table  4. 


2  A  qualitative  test  fur  determining  'he  degree  of 
Oliensis,  I'roc.  A.  S.  T.  M  ,  vol.  33,  pp.  715-728. 
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Table  3. — Results  of  tests  on  original  materials 


fa 

r. 
r~ 

03 
t>> 

'> 
03 

bx 
u 

s 

*G 
<s> 

a 

CO 

0.965 

1.056 

1.056 

1.043 

.998 

.974 

.960 

.957 

1.032 

.963 

1.010 

.963 

1.010 

1.060 

.979 

.970 

1.013 

.955 

1.082 

.960 

.972 

.976 

1.012 

.972 

.946 

.949 

'.INS 

.954 
.960 
.978 
.994 
.968 

3 
p. 

S3 

§ 

s 

o  p 
430 
300 
330 
340 
275 
340 
255 
355 
250 
160 
245 
265 
320 
350 
285 
:;t,u 
255 
200 
300 
275 
295 
310 
260 
85 
80 
115 
170 
80 
80 
200 
205 
195 

fa 

r- 

3 

C3 
O 

5 

Sec. 
100 
52 
50 
63 
36 
21 
9 

60 
33 

X4 
13 

41 
49 
21 
38 
20 

9 
75 
46 
23 
60 
12 
14 
31 
35 

3 
19 
17 
39 
37 
25 

Furol 
viscosity 

CO 

O 
a 

CD 

3 

3 
'o 

a 

© 
3 

a 

0 
03 

fcx 

t-i 

o 

Pet. 
6.19 

.11 

.13 

"."38 

"."09 
\"l7 

O 
D 

a 

CD 

3 

3 

3 
a 

OJ 
3 

a 

a 

"5 

c3 
bfl 

|H 

O 

Pet. 

0.22 

1.11 
.46 
.47 
.10 
.09 
.11 
.09 

2.39 
.10 
.20 
.09 
.09 
.09 
.08 
.11 

2.17 
.11 

2  88 
.08 
.06 
.09 
.07 
.10 
.15 
.11 
.11 
.19 
.13 
.09 
.12 
.15 

03 
J3 

£ 

o. 

03 

p 
m 

CO 
CO 

a 

CD 

3 

3 

3 

a 

Pet. 

6.3 
26.1 
21.8 
16.5 
13.7 

9.4 
10.6 

6.7 
18.1 
13.9 

7.6 
10.7 
11.3 
17.6 
11.6 

9.6 
16.1 

4.6 
25.8 

7.5 

5.4 

6.5 

7.9 
17.3 
20.9 
18.2 
14.5 
17.6 
20.8 
20.8 
19.7 
10.5 

S> 
'to 

a 

CD 
O 

'C 

CD 
CD 
<3 

03 
S3 

o 

H 
H 
H 
H 
H 
0 

SH 
0 
H 
0 
H 
O 
H 
H 
O 

SH 
U 
SH 
H 
SH 
0 
0 
H 
H 
0 
O 
H 
0 
H 
H 
H 
SH 

Micro- 
scopic 
smear 
test 

Distillation                                                       Loss  at  325°  F.,  5  hours 

a 

a 
'o 
D. 

CX 

a 

3 
S3 

3 
'3 

o  F 
680+ 
600 
628 
625 
525 
594 
515 
620 
500 
450 
520 
525 
600 
665 
580 
670 
536 
482 
599 
576 
580 
600 
530 
332 
250 
370 
420 
270 

436" 

450 

360 

Distillate  by 
volume 

>■ 

a 

fa 

x  — 

>~  x: 
ex 

S  '3 
IS 

© 

5 

Pet. 

s: 

OL 

3 
fs 

OX 

a 

*o 
o 
o 
3 
o 

o 

hn 

Pet. 
2.8 
4.6 
4.4 
4.0 
5.0 
4.9 
5.1 
4.8 
5.3 
5.4 
4.5 
5.7 
4.5 
4.2 
5.2 
5.8 
4.3 
1.2 
2.9 
4.5 
5.0 
4.7 
4.2 
3.1 
2.2 
1.7 
3.0 
1.5 
2.5 
3.4 
2.9 
4.2 

J3 

"3 

is 
>. 

.3 

O 
3 

o 
Eh 

Pet. 

2.8 
11.0 

6.8 

5.7 
13.6 

7.4 
23.4 

6.4 
10.9 
22.3 
25.0 
17.9 

9.3 

5.1 
15.4 

6.8 
20.6 
17.7 

9.9 
13.9 
14.8 

9.8 
11.5 
24.8 
23.8 
23.4 
30.1 
21.1 
23.5 
25.6 
20.2 
22.1 

Tests  on 
distillate 

fa 

CM 
CM 

3 

CD 

3 

s 

CD 

3 

"c3 
O 

fa 

®    . 
3  o 

•o  o> 

.—  to 

tO«D 

ti 

°8 
o  r 

sir 

or. 
0 
CD 
fa 

50-gram  sample 

20-gram  sample 

residue 

o 

S 

c 

CD 
•p 

a> 

"p. 

B 
a 

09 

fa 

o 

CM 
CM 

< 

Sec. 
294 
303 
274 
404 
331 
335 
181 
277 
175 
197 
50 
182 
406 
278 
219 
217 
205 
199 
320 
300 
293 
768 
123 
241 
472 
351 
47 
303 
261 
351 
431 
331 

fa 

o 
O 

< 

Sec. 
146 
139 
123 
174 
160 
170 
104 
146 

87 
110 

31 
100 
195 
124 
117 
115 
110 
106 
137 
149 
137 
331 

63 
133 
229 
185 

30 
170 
148 
173 
216 
162 

fa 

co 

< 

Pet. 

fa 
t. 

CO 

XT 

< 

Pel. 

fa 

o 
o 

CO 

< 

Pet. 

fa 
o 

00 
CO 

< 

Pet. 

3 

'>  . 

gfa 

bCo 

o 
OJ 

o. 

09 

3 
tc 

o 

CO 
CD 

u 

3 

CD 

T3 

3 

o 

03 
© 

3 
T3     . 

55fa 

!:%> 
3S 

« 

o 

fa 

Sfa 

Ol-ci 

HNOl 

o       w 

1=8 
fa 

o 

4J 

co- 
co 
3 
■O    ■ 

°2 

03 

O 

fa 

£fa 

On  £ 
o      M 

03  «     - 
t-       bo 

ii§ 

4)  w 

fa 

3 

o 

3 

•o 
3 

CD 

a 

CO 

3 

2 

'to 

CO 

u 

3 

3 
3 
o 

a 
< 

1 
2 

Clear- 

Sec. 
24 
60 
43 
45 
58 
21 
62 
27 
44 
87 
34 
38 
37 
36 
41 
25 
110 
60 
57 
50 
41 
56 
27 

76 
77 
84 
87 
65 
72 
81 
205 
298 

Pet. 
0.5 
3.5 
2.6 
2.6 
5.1 
3.0 
8.0 
2.1 
4.4 
12.7 
8.8 
6.6 
3.7 
2.4 
5.0 
1.9 
8.8 
10.7 
4.9 
6.0 
5.7 
4.3 
5.5 
20.6 
21.5 
20.7 
22.1 
19.8 
21.1 
17.6 
14.5 
13.6 

Sec. 
24 
35 
30 
39 
36 
17 
18 
25 
29 
42 
10 
18 
30 
31 
24 
17 
42 
26 
48 
34 
26 
42 
22 

"ioo 

"186 
144 
87 

152 
99 

113 

"""85 
94 

Pet. 
0.8 
6.6 
4.6 
4.5 
8.6 
4.9 
14.3 
3.3 
6.9 
16.6 
15.2 
10.2 
6.2 
4.2 
8.6 
3.5 
14.1 
15.6 
7.9 
8.3 
10.7 
7.7 
9.1 
22.2 
22.4 
22.4 
27.8 
20.4 
21.9 
23.8 
19.1 
18.5 

Sec. 
27 
57 
38 
51 
57 
20 
34 
27 
45 
74 
20 
27 
36 
39 
30 
24 
112 
55 
79 
52 
39 
58 
30 

80 
56 
55 
41 
50 
53 
56 
100 
235 

Min. 

280 

40 

47 

60 

80 

236 

140 

275 

48 

70 

93 

121 

110 

60 

113 

176 

34 

420 

30 

Pet. 
71  9 

8.0 

3.0 

2.0 

10.0 

3.0 

20.5 

2.0 

7.0 

19.5 

22.0 

13.5 

5.5 

1.0 

12.0 

1.0 

20.0 

19.3 

8.3 

10.8 

11.0 

6.0 

8.5 

27.0 

27.5 

26.5 

32.5 

24.5 

27.0 

26.5 

21.5 

21.0 

6.4 
2.4 

1.7 
8.6 
2.5 
18.3 
1.6 
5.6 
16.9 
20.5 
12.2 
4.8 
.9 
10.2 
1.0 
16.3 
16.5 
7.0 
9.4 
9.8 
5.1 
7.3 
21.7 
21.6 
21.7 
27.1 
19.6 
21.0 
22.2 
17.3 
17.9 

0.911 
.926 

.886 

.868 

.864 
.837 
.956 
.866 
.958 

.871 

.853 
.821 
.937 
M'.l 
.890 
.889 
.882 
.799 
.763 
.782 
.829 
.763 
.751 
.837 
.827 
.831 

1.  5146 
1.  5246 
1.5120 
1.  4930 
1.  4794 
1.  4809 
1.  4748 
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iH=  Heterogeneous;  0  =  Homogeneous;  SH  =  Slightly  heterogeneous. 

DISTILLATION    CURVES   CLEARLY  DISTINGUISH   SLOW-,    MEDIUM-, 
AND  RAPID-CURING  MATERIALS 

The  distillation  curves  for  the  various  materials, 
plotted  in  figure  1 ,  serve  to  distinguish  the  three  classes 
of  materials  according  to  their  curing  properties.  It 
will  be  noted  that  the  initial  boiling  points  of  the  slow- 
curing  products,  samples  1  to  23,  inclusive,  were  all 
above  450°  F.  and  in  only  two  instances  were  they  less 
than  500°  F.  The  medium-curing  materials,  samples 
27,  30,  31,  and  32,  had  initial  boiling  points  as  low  as 
360°  F.  with  none  above  450°  F.;  and  the  rapid-curing 
products,  samples  24,  25,  26,  28,  and  29,  all  had  initial 
boiling  points  below  370°  F. 

With  all  three  classes  of  materials,  the  percentage  of 
distillate  increased  as  the  temperature  increased  but 
not  at  the  same  rate.  For  the  slow-curing  materials 
the  rate  continued  fairly  uniform  up  to  680°  F.,  but' 
with  the  medium-  and  rapid-curing  products  it  de- 
creased as  the  temperature  approached  680°  F.  The 
decrease  in  rate  was  more  pronounced  for  the  rapid- 
curing  products.  Tbe  rate  of  distillation  may  be 
illustrated  by  expressing  tbe  amount  of  distillate  off  at 
any  temperature  in  terms  of  the  total  distillate 
recovered  at  680°  F.  For  the  medium-curing  materials 
the  amount  at  600°  F.  was  65  to  85  percent  of  the  total. 
For  rapid-curing  materials  the  amount  was  0  to  50 
percent  at  374°F.,  41  to  85  percent  at  437°  F.,  and  88 
to  94  percent  at  600°  F.  The  residues  from  the  dis- 
tillation of  the  slow-curing  products  were  all  fluid,  wThile 
those  of  the  medium-  and  rapid-curing  materials  were 
semisolid. 


That  portion  of  the  total  loss  in  the  distillation  test 
designated  as  loss  on  cooling  depends  upon  the  amount  of 
material  boiling  off  immediately  above  680°  F.  As  would 
be  expected  from  the  slope  of  the  distillation  curves,  this 
loss  was  greater  for  the  slow-curing  products  than  for 
the  medium-  and  rapid-curing  products.  It  ranged 
from  1.2  percent  to  5.8  percent  with  an  average  of  4.5 
percent  for  the  slowT-curing  products,  from  2.9  percent 
to  4.2  percent  with  an  average  of  3.4  percent  for  tb4 
medium-curing  products,  and  from  1.5  percent  to  3.1 
percent  with  an  average  of  2.2  percent  for  the  rapid- 
curing  products. 

The  total  volatile  matter  in  the  slow-curing  materials 
as  determined  by  the  distillation  test,  including  both 
the  distillate  recovered  and  the  loss  on  cooling,  ranged 
from  2.8  percent  to  25  percent  with  an  average  of  13.8 
percent  for  the  group.  The  average  loss  on  cooling  of 
4.5  percent  actually  represented  36  percent  of  the  total 
volatile  matter  in  the  average  slow-curing  material  used 
in  this  study.  While  this  loss  on  cooling  may  b« 
unimportant  in  estimating  the  relative  volatility  of 
various  liquid  asphalts,  it  must  be  considered  if  the 


results  of  the  distillation 
directly  with  the  results 
exposure  tests. 

The  different  classes  of 
identified  by  the  results 
asphaltic-residue  tests.  The  slow-curing  products  lost 
in  the  50-gram  volatilization  test  from  53  to  76  per- 
cent, the  medium-curing  products  from  73  to  80  per- 
cent,  and   the   rapid-curing  products  from  92   to  97 


test   are    to    be    compared 
of    other    laboratory    and 

materials  are  also  readily 
of    the    volatilization    and 
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percent  as  much  as  they  lost  in  the  20-gram  volatiliza- 
tion test.  The  residues  from  both  volatilization  tests 
of  the  slow-curing  products  were  fluid;  those  of  the 
medium-curing  products  were  fluid  in  the  50-gram 
volatilization  test  and  semisolid  in  the  20-gram  vola- 
tilization test;  and  those  of  the  rapid-curing  products 
were  both  semisolid.  For  the  slow-curing  products, 
the  loss  in  neither  volatilization  test  amounted  to  as 
much  as  that  in  the  asphaltic  residue  test.  For  the 
medium-curing  products,  the  loss  in  the  20-gi;ini 
volatilization  test  approximated  the  loss  in  the  as- 
phal tic-residue  test,  while  for  the  rapid-curing  products 
the  losses  in  all  tests,  including  the  distillation  test, 
were  approximately  the  same.  The  loss  in  the  20-gram 
volatilization  test,  while  always  greater  than  that  in 
the  50-gram  volatilization  test,  was  always  less  than 
in  the  distillation  test.  The  residue  from  the  20-gram 
volatilization  test  may,  however,  be  harder  or  softer 
than  the  residue  from  distillation. 

The  slow-curing  products  were  reduced  to  a  residue 
of  100  penetration  in  from  30  to  420  minutes,  with  an 
I  average  of  126  minutes.  In  producing  residues  of  the 
same  consistency  medium-curing  products  took  from 
16  to  30  minutes,  with  an  average  of  23  minutes  and 
the  rapid-curing  products  took  from  11  to  15  minutes. 
with  an  average  of  13  minutes.  When  making  the  ;i-- 
phaltic-residue  test  on  the  rapid-curing  products,  difli- 
cuhv  was  experienced  in  obtaining  a  residue  that  was 


not  too  hard,  since  the  high  volatility  of  the  solvenl 
caused  the  cut-back  materials  to  be  reduced  to    100 
penetration  before  the  temperature  for  making  the  I 
was  reached. 

MAJORITY   OF   MATERIALS   SHOWED    A    CLEAR   FIELD   ON    MICRO- 
SCOPIC EXAMINATION 

The  microscopic  test,  adopted  by  one  Slate  highway 
department  for  the  detection  of  cracking-coi]  products, 
was  made  on  all  materials.  The  specification  of  the 
State  did  not  set  up  an  exact  procedure.  It  mereU 
stated  that  a  freshly  prepared  smear  of  the  asphaltic 
material  diluted  with  carbon  tetrachloride  should  show 
a  clear  field  free  from  carbonaceous  matter  when  sub- 
jected to  a  magnification  of  200  diameters.  In  the 
work  covered  by  this  report,  the  test  was  standardized 
by  using  2  parts  by  weight  of  parboil  tetrachloride  and 
1  part  by  weight  of  asphaltic  material  in  preparing  the 
slides  for  observation.  When  prepared  in  this  manner 
all  of  the  materials  but  seven  showed  a  clear  held.  In 
preparing  the  slides  for  the  photomicrographs  illus- 
trated in  figure  2,  f»  parts  by  weight  of  carbon  tetrach- 
loride and  1  of  the  asphaltic  material  were  used. 

Because  carbon  tetrachloride  has  both  solvent  and 
flocculent  properties,   its  use  as  a  diluent   was  qui 
tioned.     Therefore,  slides  were  also  prepared  with  the 
undiluted  materials  and  it  was  found  that  only  th< 
materials  that   showed  flecks  when  undiluted  showed 
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them  in  the  2  to  1  and  6  to  1  dilutions.  This  indi- 
cates that  the  insoluble  matter  was  already  floccu- 
lated and  that  carbon  tetracldoride,  in  the  quantities 
used,  did  not  precipitate  carbonaceous  flecks  in  those 
materials  not  containing  them  when  undiluted.  Re- 
cently a  sample  was  tested  that  contained  flecks  when 
undiluted  that  disappeared  on  dilution  with  carbon 
tetrachloride;  and  another  sample  that  was  practically 
clear  when  undiluted  contained  flecks  when  diluted. 
In  the  first  case,  the  poor  solvent  properties  of  the 
distillate  used  in  the  material  were  responsible  for 
incomplete  solution  of  the  base  asphalt,  that  immedi- 
ately went  into  solution  with  the  addition  of  carbon 
tetrachloride.  In  the  second  case  it  was  quite  evident 
that  the  carbon  tetrachloride  acted  as  a  flocculent. 
However,  since  6  of  the  7  samples  that  contained 
carbonaceous  material  had  relatively  high  percentages 
of    material    insoluble    in   carbon   tetrachloride,   it   is 


probable  that  the  flecks  shown  are  particles  of  free 
carbon  and  carbenes. 

In  conducting  the  exposure  tests  three  samples  of  I 
each   material    were   placed   in   seamless,    flat-bottom 
tins  having  a  diameter  of  5}i  inches  and  a  depth  of 
five-eighths  inch.     Fifty  cubic  centimeters  of  material 
were  used  to  obtain  a  uniform  film  or  layer  thickness 
of   about   one-eighth   inch.     The   samples   were    then 
placed  in  exposure  boxes  made  of  wood.     A  plate- 
glass  cover  resting  on  strips  of  felt  fastened  to   the 
edges  of  each  box  made  a  tight  joint  and  excluded 
all  dust  and  dirt.     A  current  of  air  was  passed  througl 
a   wash   bottle   containing   sulphuric   acid   to   remove  i 
dust  and  eliminate  moisture,  and  was  admitted  througl 
the  bottom  of  the  boxes  and  escaped  through  slots  ii  j 
the  sides,  thus  serving  to  carry  off  the  vapors  formed 
The  slots  were  protected  from  rain   by   thin  board:  ' 
extending  from  the  top  of  the  box  downward  at  ai 
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Figure  2. — Photomicrographs  of  Materials  Containing  Carbonaceous  Matter  (Magnified  200  Times).  The  Lower 
Two  Illustrations  Show  Results  Obtained  With  Sample  17;  in  the  One  on  the  Left  the  Material  Was  Diluted 
with  Carbon  Tetrachloride  and  the  One  on  the  Right  Shows  Undiluted  Material. 


angle  of  about  45°.  Cotton  batting  inserted  in  the 
slots  excluded  dust.  A  thermometer  in  eacb  box- 
provided  a  means  of  determining  the  temperature. 
The  assembly  of  the  boxes  is  shown  in  figure  3. 

DIFFERENCES    FOUND    BETWEEN    SLOW-CURING     AND    CUT-BACK 
PRODUCTS  AFTER  EXPOSURE 

The  samples  were  placed  in  the  boxes  on  June  15, 
1933,  and  were  weighed  periodically  to  determine  the 
oss  in  weight.  A  complete  set  of  samples  was  removed 
md  tested  at  the  end  of  5  weeks,  another  set  at  10 
weels,  and  the  last  set  at  15  weeks.  The  temperature 
pf  the  boxes  was  dependent  entirely  upon  the  radiant 


heat  of  the  sun  and  varied  w  ith  the  amount  of  sunshine. 
On  clear  days  the  temperature  was  extremely  high,  tin' 
maximum  recorded  being  L96c  F..  bul  on  days  with  no 
sunshine  the  temperature  in  the  boxes  was  the  same  as 
that  of  the  air.  During  the  period  of  exposure  the  aver- 
age maximum  daily  air  temperature  was  85  F.  The 
samples  exp<  sed  for  5  weeks  were  subjected  to  333  hours 
of  sunlight  and  those  exposed  for  10  and  15  weeks  were 
subjected  to  611  and  866  hours  of  sunlight,  respectively. 
The  percentage  of  loss  at  different  periods  of  exposure 
is  given  in  table  5  and  the  results  of  tests  on  the 
residues  are  given  in  tabic  6.  Photographs  of  typical 
surfaces  at  the  end  of  L5  weeks  are  shown  in  figure  1. 
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Figure  3. — Stability  Specimens  and  Thin  Films  of  Material  Exposed  to  Sunlight. 


While  the  majority  of  the  materials  progressively  lost 
weight  during  the  period  of  exposure,  a  number  of  them 
actually  gained  at  first,  although  they  later  lost  more 
than  the  amounts  gained.  An  exception  to  this  was 
sample  1,  which  had  gained  3.6  percent  at  the  end  of 
8  days  and  at  the  end  of  15  weeks  still  showed  a  slight 
gain.  The  samples  exposed  for  15  weeks  were  used 
in  determining  the  loss  at  2,  8,  15,  22,  50,  and  105  days, 
wliile  the  percentage  of  loss  given  for  the  35-  and  70-day 
exposures  was  based  on  samples  used  for  test  at  the 
end  of  5  and  10  weeks,  respectively.  This  was  done 
to  eliminate  errors  in  calculating  the  results  of  subse- 
quent tests  made  upon  the  respective  residues  and 
accounts  for  slight  variations  that  may  appear  to 
indicate  gains  instead  of  losses. 

As  was  expected,  the  cut-back  products  lost  weight 
very  rapidly.  At  the  end  of  2  days  they  had  lost  from 
86  to  92  percent  of  their  maximum  loss  with  an  average 
of  89  percent,  and  at  the  end  of  35  days  they  had  lost 
from  97  to  100  percent  with  an  average  of  99  percent. 
For  the  slow-curing  products  the  rate  of  loss  was  mucb 
less,  but  was  considerably  more  variable.  In  2  days 
those  samples  that  had  undergone  a  loss  had  lost  from 
3  to  60  percent  of  their  maximum  loss  with  an  average 
of  35  percent.  In  15  days  they  had  lost  from  16  to 
84  percent  with  an  average  of  50  percent,  in  35  days 
from  63  to  100  percent  with  an  average  of  82  percent, 
and  in  70  days  from  74  to  100  percent  with  an  average 
of  89  percent.  Some  idea  of  the  relative  speed  of 
curing  or  volatility  of  the  two  types  of  material  may 
be  obtained  by  comparing  their  losses  under  these 
exposure  conditions.  The  slow-curing  materials  took 
70  days  to  lose  an  average  of  89  percent  of  their  volatile 
matter,  while  the  cut-back  materials  underwent  the 
same  percentage  loss  in  2  days. 

LOSS  IN  DISTILLATION  TEST  MOST  NEARLY  APPROXIMATED  LOSS 
IN  15  WEEKS'  EXPOSURE  FOR  ALL  TYPES  OF  MATERIALS 

Figure  5  shows  the  relation  between  the  percentage 
of  loss  upon  exposure  and  loss  in  the  distillation  test, 


Table  5. — Loss  in  thin  film  exposure 


Loss  on  exposure  foi 

Sample  identi- 
fication 

2 
days 

8 
days 

15 
days 

22 
days 

35 
days 

50 
days 

70 
days 

105 
days 

1  

Percent 

-2.6 

1.9 

-.2 

Percent 
-3.6 
4.3 
2.0 
1.5 
5.4 
1.2 
12.9 

Percent 
-3.4 
5.7 
2.9 
1.7 
6.5 
2.0 
14.6 

Percent 
-3.4 
7.6 
4.7 
3.2 
8.2 
4.1 
17.7 

Percent 

-3.0 

9.5 

6.6 

5.  1 

9.5 

5.1 

20.2 

2.3 

8.1 

16.4 

20.4 

13.7 

7.3 

5.2 

9.3 

4.6 

18.5 

18.2 

10.1 

11.7 

12.5 

8.5 

8.3 

22.2 

22.2 

22.4 

27.  6 

19.9 

21.6 

/',  ie,  at 
-2.7 
10.3 
8.0 
4.4 
9.8 
6.1 
20.0 

8.2 
16.7 
21.0 
13.4 
10.1 

6.9 
12.1 

5.7 
18.9 
19.2 
12.4 
12.6 
13.6 

9.8 
10.6 
22.2 
22.0 
22.1 
27.6 
20.  1 
21.4 

Percent 

-2.7 

10.2 

8.0 

5.8 

9.9 

8.5 

21.0 

1.8 

9.6 

16.8 

21.6 

13.8 

8.5 

6.0 

10.6 

5.7 

18.7 

17.7 

12.0 

11.5 

12.9 

9.1 

13.  1 

22.5 

22.  0 

22.1 

28.3 

20.0 

21.4 

Percent 
-0.9 

2 -. 

12.4 

3     .     

9.4 

4                 

5.8 

5     

2.6 

-.3 

7.8 

-1.8 

.3 

11.0 

7.8 

4.6 

.4 

-1.3 

1.9 

-3.5 

8.6 

11.5 

1.4 

2.3 

-1.1 

.6 

1.3 

19.4 

20.1 

20.5 

26.1 

17.7 

19.2 

11.5 

6.   -._ 

8.2 

7     

21.5 

8 

2.0 

9     . 

2.4 
14.4 
14.7 
8.9 
2.6 
.2 
5.5 
-1.5 
12.6 
15.7 
5.0 
6.8 
3.7 
3.4 
3.7 
21.  2 
21.6 
21.6 
27.1 
19.6 
20.8 

4.0 

14.5 

16.4 

9.4 

4.3 

1.3 

6.9 

-1.0 

14.4 

16.5 

6.1 

7.8 

6.4 

5.1 

4.6 

21.5 

21.9 

21.8 

27.3 

19.9 

21.3 

5.3 
15.7 
18.2 
11.8 
6.  1 
3.4 
8.4 
1.8 
15.9 
17.4 
8.6 
9.8 
8.2 
6.7 
6.6 
22.  0 
22.  1 
22.  1 
27.5 
20.0 
21.  4 

10.7 

10        

17.3 

11  

22.3 

12 

15.2 

13 

9.8 

14       

8.1 

15             

13.3 

16 

6.7 

17             

19.5 

IS                  

19.0 

19             

13.8 

20                

13.6 

21   

11.3 

22             

10.5 

23  ..   

11.2 

24  -      

22.5 

25               

22.2 

26  -.       

22.0 

27             

27.8 

28  -- 

20.1 

29 

21.  4 

loss  in  the  two  oven  tests,  and  loss  in  the  asphaltic- 
residue  test.  Figure  5  indicates  that  for  the  slow- 
curing  products  the  loss  in  15  weeks'  exposure  was 
about  2%  times  as  great  as  that  in  the  oven  test  on  a 
50-gram  sample,  about  1%  times  as  great  as  that  in  the 
oven  test  on  a  20-gram  sample,  and  about  the  same  as 
the  loss  in  the  distillation  test.  No  relationship  was 
apparent  between  the  loss  in  the  exposure  and  asphaltic- 
residue  tests.  The  loss  in  the  latter  test  was,  however, 
invariably  greater,  ranging  from  1%  to  14  times  the  loss 
occurring  in  15  weeks'  exposure  with  an  average  of  2% 
times  this  loss.  For  the  cut-back  products  the  loss  in 
all  tests  was  approximately  the  same.  In  all  the  ma- 
terials studied,  both  in  1932  and  1933,  the  total  loss  in 
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Table  6. — Results  of  tests  on  exposure  resia 


5-week  exposure 

10-week  exposure 

ek  exposure 

Ductility 

CO 

O 

Ductility 

CO 

O 

5 

Ductility 

u 

J        i 

Pene- 

at 5  cen- 

o 

u 

Pene- 

at 5  cen- 

o 

- 

tration 

timeters 

a 

a 

tration 

( i  meters 

a 

a 

trillion 

timeters 

a 

per  min- 

— 

a 

per  min- 

ute 

£ 
3 

3 

25 

3 

3 

3 
a 

ute 

3 

3 

3 

3 

3 
a 

ute 

OJ 

3 
a 

a 

a 

o 

to 

o 

□ 

o 
a 

a 

a 

■n 

o 

V) 

□ 

o 
a 

a 
a 

CJ 

0 
m 

a 

a 

tfi 

o 

m 

«o 

o 

« 

»C5 

o 

c 

fa 

bo 

Ci" 

CJ 

a» 

0 

fa 

M 

00 

a 

2 

at 

o 

fa 

00 

CO 

ai 

a 
■a 

CJ 

o 

3 

o 

o 

P. 

M 

fa 

a 

a 

a 

a 

a 

ri 

o 

o 
o 

o 
0, 

00 

fa 

a 

a 

a 

a 

d 

CI 

CI 

o 

s 

c< 

o 

Ci 
to 

fa 

» 

fa 

fa 

a 

fa 

CO 

o 

o 

X! 

fa 

fa 

a 

fa 

CO 

o 

o 

3 

g 

fa 

fa 

a 

fa 

CO 

0 

0 

a 

o. 

«. 

C3 

CO 

a 

CO 

□ 

03 
oi> 

□ 

CO 

on 

3 

3 

VI 

a 

r- 

CO 

a 

cj 

t- 

CO 

0 

as 

a 

a 
bo 

_3 

3 

w 

CI 

CO 

a 

CO 

a 

a 

_3 

a 

a 

CO 

Hi 

fa 

< 

< 

CO 

"F. 

< 

Cm 

< 

o 

O 

A 

fa 

<i 

<< 

CO 

°F. 

Cm 

< 

Cm 

o 

O 

Pet. 

fa 

< 

< 

CO 

"F. 

< 

< 

Cm 

O 
Pet 

O 
Pel 

- 

Pcf. 

Sec. 

Cm 

Pet. 

Pet. 

Pet. 

Pel. 

See. 

Pet. 

Pet. 

Pet. 

Sec 

1 

-2.6 
9.5 

68 

15.4 
30.2 

-2.7 
10.2 

110 

94 

142 

20.1 
34.  5 

-0.9 
12.4 

197 

20 

71 
9 

114 
154 

20.0 

.3 

3  0 

.0 

0.  19 
15  36 

2 

86 

34 

108 

63.0 

1.5 

2.74 

9.23 

33 

15 

a.  a 

0.0 

5.08 

13.34 

3 

6.6 

153 

<15 

2  93 

8  44 

28  0 

8  n 

62 

■>•> 

127 

5.0 

.0 

4.46 

11  •>'! 

31.3 

0  4 

10 

15 

111 

.8 

n 

5.  69 

12.  OS 

4 

5.1 

152 

39 

106 

22.0 

4.0 

1.28 

5.95 

25.6 

5.8 

112 

33 

134 

4.3 

.0 

2.46 

7.41 

29.  3 

5.  8 

59 

18 

153 

.5 

.0 

3.  36 

V  III 

fi 

9.5 

-0.3 

20.2 

2.3 

200 
34 
123 
163 

96 

25.  9 

15.3 
21.  0 

18.7 

9.9 

7.4 

21.0 

1.8 

44 
163 
356 

97 

37 

118 

87.0 

3.8 

30.5 
17.0 
22.  1 
22.5 

11.5 

s.  „> 
21.5 
2.0 

71 
1,000+ 

52 

23 

135 

21.0 

.5 

.  17 
.  13 
.  12 
1.48 

35. 0 

n 

Is.  7 

7 

93 

129 

195 
300+ 

76 
104 

107 
133 

85,  ii 
3.  5 

6.  5 
2  0 

.  15 

23.  l» 

8' 

96 

.25 

300  + 

3.5 

2.3 

.26 

.88 

9J 

8.1 

1,000+ 

300+ 

110 

3.22 

7.51 

26.4 

9.6 

1,000  + 

300+ 

Q7 

139 

1.0 

.5 

5.16 

10.49 

30.2 

10.7 

199 

60 

1 56 

.5 

0 

5.  48 

11.34 

32.  5 

in 

16.4 
20.4 
13.7 
7.3 
5.2 
9.3 
4.6 
18.5 

131 
110 
129 
105 
150 
70 

189 

80 

106 

95.0 

5.0 

26.6 
23.8 
21.0 
21.8 
29.4 
25.9 
19.9 
30.8 

16.8 
21.6 
13.8 
8.5 
6.0 
10.6 
5.7 
18.7 

203 

218 

95 
73 

53 
35 

129 
121 

105 
119 
103 
117 
101 
170 

10.0 
17.0 

3.5 

1.5 

29.4 
29.3 
23.9 
27.  3 
31.5 
30.3 
23.7 
36.  2 

17.3 
22.3 
15.2 
9.8 

8.1 
13.3 

6.7 
19.5 

76 

:,[ 

175 
72 
80 
64 

245 
29 

47 
22 
84 
33 
21 
30 
99 
12 

135 
130 

115 
126 
112 
133 
109 
168 

7.5 
9.0 
41.0 
16.0 
97.0 
8.0 
47.0 
.5 

3.0 

.21 
.  12 
.  16 
.  13 
8.61 
.  23 

9.88 

31.2 

ii 

32.2 

i' 

l.  5 

3.ii 

"".'5 

5.0 

.0 

3.07 
3.30 

21.  7 

is 

89 
126 
105 

39 

31 
47 

40.0 
105.  0 
53.0 

3.5 
2.5 
3.5 

29.6 

14 

1.63 

5.69 

3.08 

7.94 

33.  4 

Ifi 

33.2 

16 

25.  1 

17 

51 

22 

136 

6.0 

.0 

1.81 

7.57 

36 

14 

.5 

.0 

3.17 

9.66 

3.r..  1 

18 

18.2 
10.1 

197 

93 
98 

14.8 
34.4 

17.7 
12.0 

152 
44 

43 
10 

105 
121 

110+ 
110+ 

7.5 

.0 

17.3 
38.7 

19.0 
13.8 

93 
29 

28 

7 

116 

128 

110+ 
110  + 

4.3 
.0 

7.50 

.10 
18.15 

18.8 

19 

156 

28 

1.0 

4.60 

11.69 

6.50 

16.02 

39.9 

W 

11.7 
12.5 
8.5 
8.3 
22.2 

179 
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116 

95 

21.4 

18.2 
19.1 
24.7 
32.4 

11.5 

12.9 
9.1 
13.1 
22.5 

170 

136 

41 

112 
95 
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147 
161 

90.0 

3.8 

24.2 
22.3 
23.2 
32.8 
36.9 

13.6 
14.3 
10.5 
11.2 
22.5 

84 
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49 
13 

28 
48 
2c 
22 
6 
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72.0 

110  + 

110  + 

7.11 

5.0 

3.0 

8.5 

5.0 

.0 

11 

.28 
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.09 
.08 
.10 
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.73 

27.2 

21 

23.  7 

n 

87 
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27 
12 

42 
14 
10 
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.0 
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n 
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.28 
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.45 
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.47 
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24 

21 

9 
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.0 

.21 
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25 
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11 
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.0 
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.50 
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14 
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.23 
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.35 

.41 
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22 

13 
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3.8 

.0 

.51 
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27 
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18 

7 
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4.0 

.0 

.32 

2.21 

27.9 
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12 

Ii 
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.0 

.34 

2.26 

30.  5 

27.8 

14 

5 

153 

.3 

.11 

.57 
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9 

151 

7.0 

.0 

.23 

.23 

28.2 

20.0 

16 

9 

163 

4.5 

.0 

.45 

.45 

31.0 

20.1 

17 

8 

168 

3.8 

.0 

.44 

.52 

32.8 

29 

21.6 

23 

13 

154 

7.0 

.0 

.39 

.39 

34.7 

21.4 



18 

13 

169 

4.5 

.0 

.51 

.50 

27.9 

21.4 



17 

11 

172 

4.0 

.0 

69 

.83 

39.3 

1  The  10-  and  15-week  exposure  residues  of  this  sample  were  nonhomogeneous. 

the  distillation  test  most  nearly  approximated  the  loss 
in  15  weeks'  exposure. 

At  the  end  of  15  weeks'  exposure  the  surfaces  of  the 
;  samples  varied  greatly  in  appearance,  as  shown  by  the 
1  typical  photographs  in  figure  4.     The  appearance  of 
I  sample  14  was  typical  of  samples  1,  2,  3,  4,  5,  6,  7,  9,  12, 
1 18,  19,  20,  21,  and  22.     However,  there  were  some  vari- 
ations in  actual  appearance  that  could  not  be  shown  in 
a  photograph.     Samples    1,    2,   and   3    had   mottled, 
slightly  greasy  surfaces.     Samples  4,  9,  and  19  had  mot- 
tled, slightly  greasy  surfaces  that  were  slightly  irides- 
cent.    Samples  14,  21,  and  22  had  mottled,  iridescent 
surfaces  that  were  not  greasy.     Sample  5  had  a  uni- 
formly mottled  appearance  neither  iridescent  nor  greasy. 
Samples  6,  7,  12,  18,  and  20  were  smooth  and  glossy. 

Sample  23  was  mottled  and  slightly  greasy,  like  sam- 
ples 1,  2,  and  3,  but  had  some  dull  areas  as  shown.  .Sam- 
ple 13,  while  smooth  and  glossy,  had  some  dull  areas  as 
shown;  sample  16  was  similar  although  it  was  slightly 
mottled. 

Samples  10,  11,  and  15  were  checked  over  most  of  the 
area  of  their  surfaces;  their  condition  is  shown  by  the 
photograph  of  sample  15.  The  unchecked  areas  in 
samples  10  and  11  were  glossy  but  in  sample  15  the 
surface  was  neither  dull  nor  glossy.  Samples  8  and  17 
had  very  rough  surfaces,  shrunken  and  pitted  as  shown 
by  their  photographs.  The  material  in  the  bottom  of 
the  cracks  was  soft  but  the  outer  surface  was  very  hard. 
;The  cut-back  products  were  all  very  rough  and  wrinkled, 
as  shown  by  the  photographs  of  samples  26,  27,  and  28. 


1  None  of  the  residues  after  exposure  of  this  sample  was  homogeneous. 

The  material  in  the  cracks  was  glossy  while  the  outer 
surface  was  dull. 

At  the  end  of  15  weeks  all  of  the  cut-back  products 
were  exceedingly  hard.  As  they  were  originally  com- 
binations of  semisolid  asphalt  and  volatile  fluxes  and 
became  semisolid  in  the  laboratory  tests,  it  would  be 
expected  that  a  semisolid  residue  would  rapidly 
develop  upon  exposure.  It  has  been  believed  generally 
that  the  asphalt  base  used  in  cut-back  materials  is 
relatively  resistant  to  changes  caused  by  weathering 
and  that  after  the  cutting  medium  is  removed  the 
character  of  the  material  changes  but  little.  The 
six  cut-back  materials  used  in  this  study,  while  losing 
but  little  weight  after  2  days,  were  much  harder  and 
had  much  less  ductility  at  the  end  of  5  weeks'  exposure 
than  the  asphall  used  as  base  material. 

The  slow-curing  product-  varied  as  greatly  in  con- 
sistency as  in  the  rate  and  amount  of  volatile  matter 
given  off  during  exposure.  At  the  end  of  5  weeks  all 
of  them  were  harder  than  the  residues  from  the  distilla- 
tion and  oven  tests,  but  only  5  had  a  penetration  at  77 
F.  of  less  than  200.  The  consistency  varied  from  a 
float  of  34  seconds  at  L22°  K.  to  a  penetration  of  51 
at  77°  F.  At  the  end  of  15  weeks  only  3  materials 
had  a  penetration  at  77  J  F.  of  over  200  and  one  of  these 
materials  had  disintegrated  to  such  an  extent  thai  no 
true  penetration  tesl  was  possible.  The  consistency 
ranged  from  a  float  of  71  seconds  at  122  V.  to  a  pene- 
Irafion  of  20  at  77°  F.  In  the  previous  work,  the 
slow-curing  materials  all  developed   residues  after   15 
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Figure  4. — Condition  of  Surfaces  After  15  Weeks  of  Exposure. 


weeks  that  were  as  hard  as  or  harder  than  their  asphaltic 
residues  of  100  penetration.  It  seems  that  it  is  impos- 
sible to  predict,  from  the  results  of  any  of  the  laboratory 
tests,  the  consistency  of  the  residues  after  exposure. 
Generally,  however,  those  materials  that  took  a  long 
time  to  be  reduced  to  100  penetration  in  the  asphal tic- 
residue  test  and  those  whose  residues  from  the  distilla- 
tion and  oven  tests  had  a  low  float-test  value  were  the 
softest  or  most  fluid  at  the  end  of  15  weeks. 

ASPHALTIC    RESIDUES    DIFFERED    IN    CERTAIN    RESPECTS    FROM 
RESIDUES  AFTER  EXPOSURE  OF  ABOUT  THE  SAME  PENETRATION 

A  comparison  of  the  residues  after  exposure  and  as- 
phaltic residues  is  of  interest.  All  but  5  of  the  asphaltic 
residues  had  ductilities  at  77°  F.  of  more  than  110  cen- 


timeters and  15  had  ductilities  at  34°-35°  F.  of  3JS  cen- 
timeters or  more.  After  15  weeks'  exposure  only  7 
products  had  ductilities  at  77°  F.  over  50  and  only  4 
over  1 10.  Only  6  had  ductilities  at  34°-35°  F.  over  3^. 
These  differences  in  ductilities  may,  in  a  number  of  in- 
stances, have  been  caused  by  differences  in  the  consisten- 
cies of  the  residues  after  exposure  and  asphaltic  residues. 
However,  in  some  cases  one  of  the  residues  from  ex- 
posure had  approximately  the  same  penetration  as  the 
asphaltic  residue  and  the  laboratory  residues  and  resi- 
dues after  exposure  may  be  compared  directly.  Table 
7  shows  the  results  of  tests  on  both  such  residues  and 
indicates  that  the  two  residues  from  the  same  material, 
although  having  the  same  consistency,  varied  consider- 
ably in  other  respects. 
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loss    in  film  exposed  for  15  weeks  —  percent 

5.- — Comparison'  of  the   Percentage  of  Loss  After   15    Weeks    of    Exposure    with    Loss  in  the    Laboratory 

Evaporation  Tests. 


The  ratio  of  the  penetration  at  77°  F.  to  that  at  32° 

F.  was  always  lower  for  the  residue  from  exposure. 

The  ductility  at  77°  F.  of  the  residue  from  exposure 

was  less  than  that  of  the  asphaltic  residue  in  all  but 

two  cases,  and  for  these  the  ductility  of  both  residues 

was  110  +  .     In  five  cases  the  ductility  at  34°-35°  F. 

of  the  residue  from  exposure  was  greater  than  that  of 

the  asphaltic  residue.     In  every  case  except  two  the 

percentage  of  material  insoluble  in  naphtha  was  greater 

,'or  the  residue  from  exposure  than  for  the  asphaltic 

esidue.     In  every  case  where  there  was  an  appreciable 

mount  of  material  insoluble  in  carbon  tetrachloride 

2297—35 2 


and   carbon    disulphide,  the    percentages    were  much 
greater  for  the  residues  from  exposure. 

Figure  6  shows  the  development  of  free  carbon,  car- 
benes,  and  asphaltenes  in  laboratory  and  exposure 
tests  for  the  samples  that  originally  contained  or  finally 
developed  carbenes  in  appreciable  amounts.  Samples 
8,  23,  and  27  developed  only  relatively  small  amounts 
of  carbenes  and  the  development  of  the  insoluble 
constituents  is  shown  only  for  sample  27.  In  figure  6 
(he  volatile  matter  and  the  material  insoluble  in  carbon 
disulphide,  carbon  tetrachloride,  and  86c  B.  naphtha 
are  plotted  for  the  original  materials  and  their  residue-. 
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Table  7. — Comparison  of  residues  of  approximately  the  same  penetration  from  the  asphaltic-residue  test  and  from  exposure 
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A-ORIGINAL    MATERIAL 

B-DISTILLATE  AND  DISTILLATION   RESIDUE 


ABCDEFG  ABCDEFG 

9  14 

IDENTIFICATION 
C-VOLATILE    MATERIAL  AND  VOLATILIZATION    RESIDUE 
D-VOLATILE   MATERIAL  AND    ASPHALTIC     RESIDUE 


E- 5-WEEK  EXPOSURE  LOSS  AND  EXPOSURE  RESIDUE 
F- 10-WEEK  EXPOSURE  LOSS  AND  EXPOSURE  RESIDUE 
G- 15-WEEK  EXPOSURE   LOSS  AND   EXPOSURE    RESIDUE 


[^VOLATILE    MATTER  IMMATERIAL    INSOLUBLE    IN   8b°B.NAPHTHA    ANDCCL4 

[JMATERIAL  INSOLUBLE  IN  86°B  NAPHTHA  I  MATERIAL  INSOLUBLE   IN  86°B  N  APHTHA,CCL«,  AND  CS2 

Figure  6. — Composition  of  Selected  Materials  and  Their    Residues  as  Determined  by  Solubility  Tests. 


All  percentages  are  expressed  in  terms  of  the  weight  of 
the  original  material. 

The  solid  portion  in  each  vertical  column  represents 
free  carbon  or  material  insoluble  in  carbon  disulphide. 
The  remainder  represents  bitumen  or  material  soluble 
in  carbon  disulphide.  The  double  cross-hatched  por- 
tion represents  carbenes  or  bitumen  insoluble  in  carbon 
tetrachloride,  and  the  single  and  double  cross-hatched 
portions   together  represent    aspbaltenes   or   bitumen 


insoluble  in  86°  B.  naphtha.  The  remainder  of  the 
column  represents  material  soluble  in  86°  B.  naphtha 
that,  in  the  original  material,  includes  the  more  vola- 
tile hydrocarbons  vaporized  and  lost  under  test  con- 
ditions, as  shown  by  the  dotted  area.  The  materials 
soluble  in  86°  B.  naphtha  have  been  termed  " malthenes" 
by  Richardson.3  This  designation,  however,  lias  not 
been  generally  accepted  in  the  United  States. 

3  Clifford  Richardson,  The  Modern  Asphalt  Pavement,  p.  544  (2d  ed.). 
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As  shown  by  figure  G,  the  material  insoluble  in 
naphtha  included  carbenes  and  free  carbon;  in  fact,  in 
the  residue  from  lf>  weeks'  exposure  of  sample  L9  the 
material  insoluble  in  naphtha  contained  HI  percent  free 
carbon  and  27  percent  carbenes.  The  term  asphaltenes 
also  includes  carbenes.  Nellensteyn  '  has  stated  thai 
asphaltenes,  carbenes,  and  free  carbon  all  consist  of  the 
same  matter,  that  is,  dispersed  carbon  in  decreasing 
states  of  protection.  The  so-called  "protective  bodies  " 
he  designates  as  "micelles."  He  states  that  when 
extracted  asphaltenes  are  heated  at  a  temperature  of 
527°  F.  they  will  be  changed  largely  to  free  carbon,  but 
a  normal  asphaltic  material  can  be  heated  at  662°  F. 
for  a  long  period  with  little  production  of  free  carbon. 
The  reason  for  this  is  that  in  normal  asphalts  the  amount 
of  protective  bodies,  or  micelles,  is  such  that  the  decom- 
position of  part  of  them  influences  their  protective 
qualities  only  slightly.  Alarcusson  5  states  that  the 
material  soluble  in  86°  B.  naphtha  (malthenes)  is 
composed  essentially  of  oily  constituents  and  asphaltic 
resins.  As  the  time  of  exposure  increased,  the  per- 
centage of  asphaltenes,  carbenes,  and  free  carbon 
increased  while  the  percentage  of  malthenes  decreased. 

In  the  1932  investigation  only  those  materials  that 
had  high  specific  gravities  and  initially  contained  some 
material  insoluble  in  carbon  disulphide  with  appreciable 
amounts  insoluble  in  carbon  tetrachloride  developed 
carbenes  either  in  laboratory  or  exposure  tests.  In  the 
present  study  some  of  the  materials  such  as  samples 
14  and  27,  that  originally  had  high  solubilities  in  carbon 
disulphide  and  carbon  tetrachloride,  developed  carbenes 
even  during  some  of  the  laboratory  tests.  In  those 
materials  in  which  carbenes  and  free  carbon  were  de- 
veloped, it  may  be  considered  that  the  amount  or  the 
protective  quality  of  the  micelles  was  insufficient  to 
prevent  carbonization. 

All  of  the  rapid-curing  products  at  the  end  of  15 
weeks  had  developed  residues  containing  about  0.5 
percent  of  material  insoluble  in  carbon  disulphide  and 
carbon  tetrachloride.     For  all  materials  the  solubility 
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Figure  7. — Index  of  Increase  in   Material  Insoluble   in 
Naphtha  in  the  Various  Residues. 

*  Report  by  F.  J.  Nellensteyn  and  R.  Loman,  Sixth  Cong]  nenl  Inter- 
national Association  of  Road  Congresses,  first  section,  second  question,  paper  2  0 

•  See  Asphalts  and  Allied  Subsl  ince    by  Herbert  Abraham,  third  edition,  p.  755. 


in  carbon  disulphide  was  almost  the  same  as  the  solu- 
bility in  carbon  tetrachloride,  indicating  the  almost 
complete  absence  of  carbenes. 

MATERIAL  INSOLUBLE  IN  NAPHTHA  DEVELOPED  MOST  UNDER 
EXPOSURE  AND  LEAST  IN  THE  DISTILLATION  TEST 

In  figure  6,  where  all  the  percentages  are  expressed 
m  terms  of  the  weight  of  the  original  material,  if  the 
percentage  of  material  insoluble  in  naphtha  m  any 
residue  is  divided  by  the  percentage  of  material  insoluble 
in  naphtha  in  the  original  material  and  multiplied  by 
100,  the  result  is  the  index  of  increase  in  material  insol- 
uble in  naphtha.  An  index  of  inn  therefore  indicates 
no  change  in  the  amount  of  material  insoluble  in 
naphtha.  This  index  for  all  the  samples  is  plotted  in 
figure  7  and  shows  that  generally  there  was  an  increase 
in  material  insoluble  in  naphtha  during  the  various 
tests.  Generally,  this  index  was  least  for  the  distil- 
lation test  and  greatest  for  the  15-week  exposure  test. 
In  the  distillation  test  it  ranged  from  88  to  129. 

While  inaccuracies  in  testing  may  account  for  indexes 
of  less  than  100  in  the  distillation  residues,  it  is  possible 
for  indexes  actually  to  be  below  100.  Several  samples 
of  very  viscous,  slow-curing  asphaltic  material,  really 
semisolid  asphalts,  were  recently  subjected  to  the  dis- 
tillation test.  The  materials  did  not  yield  any  distil- 
late but  there  was  considerable  loss  on  cooling.  Never- 
theless, the  residues  were  softer  than  the  original 
materials  and  contained  less  material  insoluble  in 
naphtha . 

In  the  oven-loss  test  on  20-gram  samples  the  index 
varied  from  101  to  161  and  in  the  asphaltic  residue  test 
it  varied  from  96  to  302.  In  the  case  of  the  asphaltic 
residue  the  index  was  low  when  the  time  of  reduction 
was  low,  and  for  the  cut-back  materials  the  asphaltic 
residue  test  was  the  least  severe  of  all  tests,  although 
there  is  not  much  difference  between  this  and  the  dis- 
tillation test.  The  index  was  h'gh  when  the  time  of 
reduction  was  high,  as  indicated  by  sample  18  which 
took  420  minutes  to  come  to  100  penetration  and  had 
an  index  of  302,  and  by  sample  1  which  took  280  minutes 
and  had  an  index  of  284.  The  index  varied  from  105 
to  294  for  5  weeks'  exposure,  from  119  to  361  for  10 
weeks'  exposure,  and  from  133  to  376  for  15  weeks' 
exposure.  Except  for  four  samples,  the  index  of  increase 
was  greater  for  5  weeks'  exposure  than  for  any  of  the 
laboratory  tests.  In  the  exposure  tests,  products 
originally  containing  the  highest  percentages  of  material 
insoluble  in  naphtha  generally  had  the  smallest  indexes 
of  increase. 

OLIENSIS  TEST  INVESTIGATED 

An  interesting  development  in  the  study  of  asphaltic 
materials  is  the  test  for  determining  heterogeneity. 
This  test  has  been  called  the  Oliensis  or  spot  test.  The 
method  of  making  the  test  and  the  interpretation  of  the 
results  were  outlined  in  a  paper  read  before  the  1933 
meeting  of  the  American  Society  for  Testing  Materials. 
In  making  this  test  on  the  original  material,  one  part 
by  volume  of  the  asphaltic  material  was  treated  with 
5 . 1  parts  by  volume  of  a  special  naphtha  at  such  ;i 
temperature  thai  solution  or  dispersion  was  complete 
in  6  to  8  minutes.  After  cooling  to  room  temperature 
and  adding  fresh  naphtha  to  replace  any  losses,  a  drop 
of  the  mixture  was  allowed  to  drop  on  a  filter  paper  J, 
II.  Munktells,  \'o.  OO).  The  appearance  of  the  re- 
sulting stain  varied  from  a   uniformly  colored  spot,  in- 
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dicating  complete  dispersion,  to  stains  in  which  the 
center  was  black  and  rough  and  surrounded  by  a  lighter- 
colored  ring.  When  an  entirely  uniform  stain  was  ob- 
tained another  test  was  made  after  the  mixture  had 
stood  for  24  hours.  The  appearance  of  the  central 
spot  was  taken  as  an  indication  of  the  degree  of  hetero- 
geneity, and  those  materials  that  gave  a  uniform  stain 
after  standing  24  hours  were  considered  as  homogeneous. 
The  test  is  presumed  to  give  an  insight  into  the  con- 
ditions of  manufacture.  The  types  of  asphaltic  prod- 
ucts that  should  be  expected  to  appear  homogeneous 
are  as  follows: 

1.  Steam-refined  residuals  known  to  have  been  re- 
fined without  serious  cracking. 

2.  The  bitumen  of  certain  native  asphalts. 

3.  Some  types  of  slightly  oxidized  residuals  from  as- 
phaltic-base  crude  oils. 

The  materials  that  should  be  expected  to  appear 
heterogeneous  are : 

1.  Steam-refined  residuals  that  have  been  overheated 
during  the  refining  process. 

2.  Cracking-coil  residuals. 

3.  Highly  blown  residuals 

The  test  was  initially  developed  and  used  to  determine 
whether  or  not  petroleum  asphalts  had  been  subjected 
to  higher  temperatures  than  usually  occur  in  steam  re- 
fining. It  has  been  used  by  some  States  as  an  identi- 
fication test  for  the  control  of  liquid  asphaltic  materials. 
Recently  the  test  procedure  has  been  standardized  by  a 
group  of  Middle-Western  States.  In  applying  the  test 
to  slow-curing  materials  they  state  that  if  the  material 
has  less  than  15  percent  of  distillate  by  volume  at 
680°  F.,  the  test  may  be  made  on  the  original  material. 
For  all  other  materials  of  the  slow-,  medium-,  or  rapid- 
curing  classes  the  test  shall  be  made  on  the  distillation 
residue.  The  presence  of  the  volatile  distillate  in  these 
types  of  materials  was  thought  to  interfere  with  the 
sensitivity  of  the  test.  It  will  be  noted  that  in  the 
case  of  the  slow-curing  materials  investigated  the  test 
may  be  run  on  18  samples  as  received,  since  in  only  5 
cases  was  the  percentage  of  distillate  by  volume  at 
GS0°  F.  more  than  15  percent. 

The  identification  of  the  character  of  the  manufac- 
turing process  was  the  main  object  of  this  test,  and 
for  this  purpose  it  should  be  made  only  on  the  finished 
products  as  they  leave  the  refinery  and  not  after  they 
have  been  subjected  to  various  laboratory  heat  tests. 
However,  in  order  to  determine  if  the  character  of  the 
materials  underwent  a  change  during  the  laboratory 
tests  and  under  exposure,  the  residue  from  the  distilla- 
tion test,  the  20-gram  oven-loss  test,  and  the  asphaltic- 
residue  test,  as  well  as  the  residues  from  the  5-week  and 
15-week  exposures  were  subjected  to  the  Oliensis  test. 

For  the  original  materials  5.1  parts  of  naphtha  by 
volume  were  mixed  with  1  part  of  asphaltic  material. 
For  the  various  residues  the  volume  of  naphtha  was  kept 
constant  and  the  weight  of  a  unit  volume  of  the  original 
material  minus  the  weight  of  volatile  matter  that 
occurred  in  producing  the  residue  was  used.  Table  8 
shows  the  ratio  of  naphtha  to  asphaltic  material  used 
for  each  sample.  Only  in  the  case  of  the  asphaltic 
residue  of  sample  1 1  did  the  ratio  of  naphtha  to  asphaltic 
material  exceed  7  to  1  by  weight,  the  proportion  that 
was  being  used  by  one  State  at  the  time  these  tests 
were  made.  It  is  thought  that  the  variations  in 
proportions  of  naphtha  n<.o<\  in  this  work  were  not 
sufficiently  wide  to  affect  the  character  of  the  stains 


Table  8. — Ratio  of  naphtha  to  asphaltic  material  in  Oliensis  test 


Sample  identification 


1.. 
2 

3'.'. 
■4. 
5.. 
6- 

8 

'.1 

in 

11 

12 

13 

H 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 


Origi- 
nal ma- 
terial 1 

(by 
weight) 


4.10 
3.74 
3.74 
3.79 
3.96 
4.06 
4.11 
4.13 
3.83 
4.10 
3.91 
4  10 
3.91 
3.73 
4.03 
4.07 
3.83 
4.13 
3.65 
4.12 
4.06 
4.05 
3.90 
4.06 
4.17 
4.16 
3.99 
4.14 
4.11 


Distillation 
residue 


By 

weight 


4.21 
4.20 
4.01 
4.01 
4.58 
4.38 
5.37 
4.51 
4.29 
5.28 
5.22 
4.99 
4.31 
3.92 
4.77 
4.37 
4.82 
5.02 
4.05 
4.78 
4.77 
4.48 
4.41 
5.40 
5.48 
5.44 
5.72 
5.24 
5.38 


By 

volume 


5.83 
5.  51 

6.04 

6.90 

5.86 
6.84 
6.94 
6.38 
5.68 

6.18 

ti    Ml 

6.42 
5.76 
6.05 
6.07 
5.70 
5.86 
7.40 
7.24 
7.14 
7.98 
6.90 
7.29 


20-gram 

loss 
residue 

(by 
weight) 


4.12 
4.01 
3.92 
3.96 
4.33 
4.26 
4.30 
4.27 
4.  11 
4.92 
4.61 
4.57 
4.17 
3.89 
4.42 
4.22 
4.52 
4.95 
3.97 
4.53 
4.55 
4.38 
4.29 
5.22 
5.38 
5.36 
5.54 
5.20 
5.24 


Asphal- 
tic resi- 
due (by 
weight) 


5.69 
5.00 
5.22 
5.07 
5.61 
6.49 
6.37 
6.32 
5.55 
6.22 
7.35 
1;  irt 
.->.  v, 
5.36 
6.54 
6.56 
5.18 
5.52 
4.73 
5.95 
6.52 
5.76 
6.44 
5.27 
5.34 
5.31 
5.50 
5.15 
5.24 


Residue  from 
exposure  for— 


5  weeks 

(by 
weight) 


4.10 
4.13 
4.00 
3.99 
4.37 
4.35 
5.15 
4.20 
4.16 
4.90 
4.91 
4.75 
4.21 
3.93 
4.44 
4.26 
4.70 
5.07 
4.06 
4.65 
4.64 
4.42 
4.25 
5.22 
5.36 
5.37 
5.52 
5.  17 
5.24 


15  weeks 

(by 
weight) 


4.  10 
4.27 


4.96 
5.03 
4.84 
4.33 
4.06 
4.65 
4.37 
4.76 
5.10 
4.23 
4.76 
4.74 
4.52 
4.40 
5.24 
5.36 
5.34 
5.54 
5.18 
5.24 


1  All  original  material  5.1  naphtha  to  1  of  sample  by  volume. 

Table  9. — Character  of  original  materials  and  residues  as  deter- 
mined by  the  Oliensis  test  ' 


Sample  identi- 
fication 

Original 
material 

Distilla- 
tion 
residue 

20-gram 

loss 
residue 

Asphaltic 
residue 

5-week 
exposure 
residue 

15-week 
exposure 
residue 

1          .. _ 

H 

H 

H 

H 

H 

O 
SH 

O 

H 

O 

H 

O 

H 

H 

O 
SH 

H 
SH 

H 
SH 

O 

O 

H 

H 

O 

O 

H 

O 

H 

H 

H 

H 

H 

H 

O 

O 
SH 

H 
SH 

H 

O 

H 

H 
SH 
SH 

H 
SH 

H 
SH 

O 

O 

H 

H 

O 
SH 

H 

O 

H 

H 
H 
H 
H 
H 
O 
O 

SH 
H 

SH 
H 

SH 
H 
H 

SH 

SH 
H 
O 
H 
O 
O 
O 
H 
H 
O 

SH 
H 
O 
H 

H 
H 
H 
H 
H 
O 
O 

SH 
H 
O 
H 
SH 
H 
H 
SH 
H 
H 
O 
H 
O 
O 
O 
H 
H 
O 
O 
H 
O 
H 

H 
H 
H 
H 
H 

SH 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

SH 
H 
H 
H 
H 
H 
H 

SH 

SH 
H 

SH 
H 

H 

2 

H 

3              _ 

H 

4... 

H 

H 

6 

H 

H 

8                         .- 

H 

9        

H 

10 

11      

H 
H 

12 

H 

13.    .              

H 

14 

H 

15.    .                 

H 

16 

H 

17 

H 

18.    .                 

H 

19 _ 

H 

20.                

H 

21. 

H 

22.    .      

H 

23 

H 

24 

H 

25-_ ..-. 

26 

SH 
SH 

27 

28 

29 

H 

SH 
H 

i  H  =  Heterogeneous;  0  =  Homogeneous;  SH  =  Slightly  heterogeneous. 

obtained.  Table  9  gives  a  classification  of  the  stains 
and  figures  8,  9,  and  10  show  stains  typical  of  those 
obtained  with  the  various  samples  and  their  residues. 
Since  the  results  of  the  tests  were  based  upon  the 
appearance  of  the  stain  as  interpreted  by  the  observer, 
it  is  difficult  if  not  impossible  to  distinguish  between 
border-line  materials  or  to  express  clearly  the  apparent 
degree  of  heterogeneity  that  may  be  indicated  by  the 
varying  degrees  of  nonuniformity  in  the  stain.  The 
classification  given  in  table  8  should  be  understood  to 
mean  that,  in  the  judgment  of  the  observers,  the  mate- 
rials and  their  residues  gave  stains  that  appeared  either 
entirely  uniform  throughout  or  were  only  slightly  non- 
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SAMPLE -8  SAMPLE  -18 

A-ORIGINAL   MATERIAL  C-20-GRAM    LOSS    RESIDUE  E-RESIDUE  AFTER    5  WEEKS   EXPOSURE 

B-DISTILLATION    RESIDUE  D-A5PHALTIC   RESIDUE  F-  RESIDUE   AFTER  15  WEEKS    EXPOSURE 


Figure  8.- — Typical  Oliensis  Stains. 
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a, 


SAMPLE-,20 


E 


SAMPLE  -10 
A-ORIGINAL  MATERIAL  C- 20-GRAM   LOSS    RESIDUE 

B- DISTILLATION    RESIDUE  D- ASPHALTIG  RESIDUE 


SAMPLE  -12 
E- RESIDUE  AFTER   5  WEEKS    EXPOSURE 
F-  RESIDUE  AFTER  15  WEEKS   EXPOSURE! 


Figure  9. — Typical  Oliensis  Stains. 
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SAMPLE  -6 

■ORIGINAL    MATERIAL  C-  20-GRAM    LOSS    RESIDUE 

•DISTILLATION    RESIDUE  D- ASPHALTIC   RESIDUE 


SAMPLE-21 

E-  RESIDUE  AFTER  5  WEEKS   EXPOSURE 
F- RESIDUE  AFTER  15  WEEKS   EXPOSURE 


Figure  10. — Typical  Oliensis  Stains. 
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uniform,  having  a  slightly  darker,  more-pronounced 
center,  or  else  they  had  a  definite  dark  to  black  center 
surrounded  by  a  uniformly  lighter-colored  stain  and 
were  consequently  classified  as  homogeneous,  slightly 
heterogeneous,  and  heterogeneous,  respectively.  No 
attempt  was  made  to  indicate  the  extent  or  degree  of 
heterogeneity  other  than  to  classify  as  slightly  hetero- 
geneous those  materials  and  residues  giving  stains  only 
slightly  nonuniform. 

ALL  EXPOSURE   RESIDUES  FOUND  TO  BE  HETEROGENEOUS 

A  study  of  the  results  of  the  Oliensis  test  shows  that 
of  the  29  materials,  10  were  homogeneous,  4  slightly 
heterogeneous,  and  15  definitely  heterogeneous  in  their 
original  state.  All  the  residues  from  exposure  were 
heterogeneous  or  slightly  heterogeneous.  Of  the  10 
materials  appearing  homogeneous  in  their  original 
state,  5  developed  homogeneous  residues  in  all  3 
laboratory  loss  tests,  2  developed  slightly  heterogeneous 
residues  in  all  3  tests,  2  developed  slightly  heterogene- 
ous residues  in  the  oven  test  and  distillation  test  but 
not  in  the  asphaltic-residue  test,  and  1  developed 
slightly  heterogeneous  residues  in  the  oven  test,  and 
asphaltic-residue  tests  but  not  in  the  distillation  test. 

Of  the  4  materials  appearing  slightly  heterogeneous 
in  their  original  state,  1  developed  homogeneous  resi- 
dues in  all  3  laboratory  tests,  2  developed  homogeneous 
residues  in  the  asphaltic-residue  and  loss  tests  but 
remained  heterogeneous  in  the  distillation  test,  and 
one  material  remained  heterogeneous  in  all  tests. 
The  15  materials  that  appeared  heterogeneous  in  their 
original  state  all  developed  heterogeneous  residues. 

A  comparison  of  these  materials  according  to  the 
character  of  the  stains  produced  in  the  laboratory  and 
their  behavior  under  laboratory  and  exposure  conditions 
may  be  of  interest.  Nine  of  the  materials,  samples  2, 
:-!,  \,  9,  14,  17,  19,  23,  and  27,  were  heterogeneous 
originally  and  had  heterogeneous  residues.  The  photo- 
graph of  sample  2  in  figure  8  is  typical.  All  of  the 
above  samples,  except  23  and  27,  showed  micropscopic 
flecks  as  shown  in  figure  2  when  examined  under  the 
microscope.  All  except  samples  14  23,  and  27  had 
appreciable  amounts  of  material  insoluble  in  carbon 
tetrachloride  in  the  original  sample.  Samples  14,  23, 
and  27  developed  carbenes  at  the  end  of  15  weeks 
of  exposure  and  the  other  samples  showed  an  increase 
in  carbenes  and  free  carbon. 

All  of  the  nine  samples,  except  sample  23,  had  high 
percentages  of  material  insoluble  in  naphtha.  All  had 
specific  gravities  greater  than  1.01,  except  sample 
27.  This  material  has  a  very  high  specific  gravity  for 
a  fluid  cut-back  and  its  behavior  and  characteristics 
place  it  in  this  group  having  high  specific  gravities. 
The  asphaltic  residues  of  the  9  samples  showed  the 
effect  of  changes  in  temperature,  having  low  penetra- 
tion at  32°  F.  and  no  ductility  at  34°-35°  F.,  although 
all  had  ductilities  of  over  110  at  77°  F. 

After  15  weeks'  exposure  all  the  materials  were  very 
hard,  except  sample  9,  which,  at  the  end  of  5  weeks,  had 
separated  into  two  parts,  one  hard  and  brittle,  the  other 
soft  and  oily.  It  was  impossible  to  flux  these  two  parts 
so  that,  while  having  a  float  at  122°  F.  of  over  1,000 
seconds  at  the  end  of  5  weeks,  it  was  impossible  to  get 
a  penetration  until  the  end  of  15  weeks.  When  running 
the  softening  point  test  on  the  residues  of  this  sample, 
after  exposure,  the  material  did  not  flow  slowly  to  the 
bottom  but  dropped  immediately  at  the  temperature 
reported  in  table  5.     Ductility  tests  were  made  on  this 


sample  but  the  results  are  unimportant  as  no  true  duc- 
tility value  was  obtained.  The  residues  after  15  weeks' 
exposure  of  samples  2,  3,  4,  17,  23,  and  27  had  very  low 
ductility  at  77°  F.  but  samples  14  and  19  had  ductilities 
at  77°  F.  of  97  and  110  + ,  respectively.  None  of  the 
residues  had  any  ductility  at  34°-35°  F. 

Three  of  the  materials,  5,  11,  and  13,  gave  Oliensis 
stains  identical  with  those  of  the  preceding  samples. 
They  did  not,  however,  have  as  high  specific  gravities, 
were  clear  in  the  microscopic  test,  and  did  not,  even  at 
the  end  of  15  weeks,  develop  any  carbenes.  Their 
asphaltic  residues  had  some  ductility  at  34°-35°  F. 
and,  at  the  end  of  15  weeks,  while  having  low  ductility 
at  77°  F.,  samples  5  and  13  had  some  ductility  at  34°- 
35°  F. 

The  remaining  17  materials  all  had  low  specific  gravi- 
ties, were  clear  in  the  microscopic  test,  did  not  have 
carbenes,  and,  with  1  exception,  did  not  develop  them. 
They  showed  various  types  of  stains  in  the  Oliensis 
test  although  all  were  heterogeneous  at  the  end  of  5 
weeks.  Their  asphaltic  residues  varied  in  ductility 
and  effect  produced  by  changes  in  temperature  as  did 
their  residues  after  exposure. 

The  stains  of  samples  1,  24,  and  29,  while  resulting  hi 
photographs  similar  to  those  of  the  high-gravity  ma- 
terials, did  not  have  the  nuclei  as  raised  or  as  rough  as 
the  stains  of  the  materials  with  high  specific  gravities. 
The  producers  of  the  cut-back  asphalt  designated  as 
sample  24  stated  that  their  plant  had  no  cracking 
equipment.  This  material,  therefore,  had  evidently 
become  heterogeneous  in  the  refining  process  because 
of  overheating,  since  the  residue  obtained  in  laboratory 
tests  had  good  ductility,  indicating  that  it  had  not  been 
overblown.  Sample  29  likewise  was  a  cut-back  asphalt 
with  a  ductile  base.  Sample  16  was  slightly  hetero- 
geneous originally,  produced  slightly  heterogeneous 
residues  by  distillation  and  volatilization,  and  produced 
a  heterogeneous  asphaltic  residue.  The  asphaltic  resi- 
dues of  these  four  samples  were  not  especially  affected 
by  temperature  change,  having  some  ductility  at  34°- 
35°  F.,  although  the  asphaltic  residues  of  samples  1  and 
16  had  comparatively  low  ductilities  at  77°  F.  The 
residues  of  samples  1  and  16  after  exposure  had  low 
ductility  at  77°  F.  Those  of  samples  24  and  29  (cut- 
back asphalts)  were  very  hard  and  consequently  had 
very  low  ductility. 

OLIENSIS    TEST    MORE    SENSITIVE    THAN    MICROSCOPIC    TEST   IN 
DETECTING  OVERHEATED  MATERIALS 

Samples  8  and  15  were  homogeneous  but  all  of  their 
residues  from  laboratory  tests  were  slightly  hetero- 
geneous. The  asphaltic  residue  of  sample  8  had  rela- 
tively low  ductility  at  77°  F.  but  that  of  sample  15  had 
good  ductility.  Both  asphaltic  residues  had  good 
ductilities  at  34°-35°  F.  The  residue  of  sample  15 
after  exposure  had  low  ductility  at  77°  F.  Sample  8, 
the  only  material  of  low  specific  gravity  to  develop 
carbenes,  separted  in.  the  exposure  test  in  the  same 
manner  as  sample  9. 

Samples  18  and  20  were  both  slightly  heterogeneous 
but  then-  asphaltic  and  loss-test  residues  were  homo- 
geneous. Their  asphaltic  residues  and  their  residues 
after  exposure  had  good  ductility  at  77°  F.  Although 
the  asphaltic  residue  of  sample  20  had  a  ductility  of  only 
three-fourths  centimeter  at  34°-35°  F.,  the  ductility  of 
its  residue  after  exposure,  as  well  as  the  ductility  of  the 
two  residues  of  sample  18,  was  good  at  34°-35°  F. 
Sample  18  developed  a  residue  at  the  end  of  5  weeks' 
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exposure  that  was  the  least  heterogeneous  of  any  of  the 
residues  from  the  slow-curing  materials. 

Samples  10  and  26  and  their  asphaltic  residues  were 
homogeneous.  The  asphaltic  residues  of  both  samples 
had  good  ductility  at  77°  F.  and  34°-35°  F.  At  the 
end  of  15  weeks,  sample  10  had  low  ductility  at  77°  F. 
but  good  ductility  at  34°-35°  F.,  while  sample  26,  a 
cut-back  asphalt,  was  extremely  hard  and  nonductile. 

Sample  12  was  homogeneous  as  was  its  residue  after 
distillation.  Its  asphaltic  residue  had  good  ductility 
at  77°  F.  and  34°-35°  F.  and  the  residue  after  exposure 
had  fair  ductility  at  77°  F.  and  good  ductility  at 
34°-35°  F. 

Sample  7  was  slightly  heterogeneous  but  all  of  its 
residues  from  laboratory  tests  were  homogeneous.  Its 
asphaltic  residue  was  ductile  at  77°  F.  but  only  slightly 
so  at  34°-35°  F.  and  its  residue  after  15  weeks  of  expo- 
sure had  good  ductility  at  77°  F.  and  at  34°-35°  F. 

Samples  6,  21,  22,  25,  and  28  were  homogeneous  with 
homogeneous  residues  from  laboratory  tests.  All  of 
their  asphaltic  residues  had  good  ductility  at  77°  F.  and 
all  except  those  of  samples  21  and  22,  the  California 
residuals,  had  good  ductility  at  34°-35°  F.  At  the 
end  of  15  weeks,  sample  6  was  still  fluid,  while  the  cut- 
back asphalt  samples  25  and  28  were  very  hard  and 
nonductile.  Samples  21  and  22  had  good  ductility  at 
77°  F.  and  at  34°-35°  F.  although  their  asphaltic  resi- 
dues were  nonductile  at  34°-35°  F. 

It  is  readily  apparent  that  the  laboratory  tests  did  not 
produce  residues  that  gave  stains  in  the  Oliensis  test 
radically  different  from  the  stains  of  the  original  ma- 
terials. The  behavior  of  the  residues  from  exposure 
showed,  as  did  the  other  tests,  that  outdoor  exposure 
alters  asphaltic  materials  far  more  than  any  of  the 
laboratory  heat  tests.  This  was  strikingly  shown  by  the 
decidedly  heterogeneous  stains  obtained  with  the 
residues  from  exposure,  especially  in  the  case  of  the 
materials  originally  homogeneous.  It  is  not  believed, 
however,  that  it  is  possible  to  predict  the  physical  and 
chemical  characteristics  of  the  material  after  exposure 
from  the  results  of  the  Oliensis  test,  whether  made  on 
the  original  material,  the  residues  from  laboratory 
tests  or  both.  Residues  having  what  are  believed  to  be 
desirable  qualities  were  obtained  from  both  homogene- 
ous and  heterogeneous  materials,  although  hetero- 
geneous materials  undoubtedly  have  a  more  pro- 
nounced tendency  to  carbonize  and  their  slow-curing 
products  generally  develop  a  less-ductile  residue. 

For  detection  of  materials  that  have  been  in- 
advertently  or  intentionally  subjected  to  too  high  a 
temperature  during  the  refining  process,  the  Oliensis 
test  seems  to  be  more  sensitive  than  the  microscopic 
test.  All  of  the  materials  that  had  the  characteristics  of 
overheated  or  cracked  materials  were  heterogeneous  in 
the  Oliensis  test  but  only  seven  of  them  showed  micro- 
scopic flecks. 

HUBBARD-FIELD    STABILITY    TEST    USED    TO    MEASURE    BONDING 

STRENGTH  AND  DEVELOPMENT  OF  BONDING  STRENGTH 

UPON  EXPOSURE 

Cylinders  were  made  according  to  the  Hubbard-Field 
method  and  tested  to  determine  the  adhesiveness  or 
bonding  strength  of  the  original  material,  the  residue 
after  distillation  and  the  asphaltic  residue,  and  the 
development  of  bonding  strength  by  the  original  ma- 
terials after  exposure.  The  first  series,  for  the  deter- 
mination of  bonding  strength,  consisted  of  3  sets  of  3 
cylinders  each  for  each  material.     The  first  and  second 


sets  contained  16.6  percent  by  volume  of  the  original 
material  and  distillation  residues  respectively  mixed 
with  83.4  percent  of  a  standard  sand.  The  third  set 
contained  the  same  percentage  of  asphaltic  residue  by 
weight  as  was  contained  in  the  cylinders  made  with  the 
original  materials  that  gave  an  almost  constant  per- 
centage of  bitumen  by  volume  in  the  cylinders  of  this 
set.  All  cylinders  of  series  1  were  tested  immediately 
for  stability  at  77°  F. 

The  second  series  of  cylinders,  for  determination  of 
the  development  of  bonding  strength,  likewise  consisted 
of  3  sets  of  3  cylinders  using  the  same  aggregate  used 
in  the  first  series  and  the  same  percentage  of  the 
original  materials  by  volume.  These  three  sets  were 
placed  in  the  exposure  boxes  and  subjected  to  the  same 
exposure  conditions  as  the  thin  films.  One  set  was 
removed  at  the  end  of  5,  10,  and  15  weeks.  The  cyl- 
inders were  weighed  before  and  after  exposure  and  the 
loss  in  weight  was  expressed  as  a  percentage  of  the 
bituminous  material  present  in  the  cylinder  as  made. 
After  weighing,  the  cylinders  were  tested  for  stability 
at  77°  F. 

For  comparative  purposes  two  additional  sets  of 
cylinders  were  made,  using  as  a  binder  the  amounts  of 
distillation  residue  and  asphaltic  residue  that  would 
have  been  obtained  if  the  bitumen  in  the  cylinders 
containing  the  original  material  had  been  subjected 
to  the  distillation  or  asphaltic-residue  test.  The  aggre- 
gate used  was  a  Potomac  River  sand  that  had  been 
separated  on  standard  sieves  and  recombined  to  give 
the  following  grading: 

Percent 

Passing  no.  10,  retained  on  no.  20 3.  7 

Passing  no.  20,  retained  on  no.  30 10.  3 

Passing  no.  30,  retained  on  no.  40 18.  1 

Passing  no.  40,  retained  on  no.  50 21.  3 

Passing  no.  50,  retained  on  no.  80 36.  6 

Passing  no.  80,  retained  on  no.  100 6.  1 

Passing  no.  100,  retained  on  no.  200 3.  2 

Passing  no.  200 •  • 

This  sand  had  a  specific  gravity  of  2.666  and  the  voids 
in  the  mineral  aggregate,  determined  on  the  compacted 
cylinders  of  both  series,  were  38  percent  for  the  cyl- 
inders made  with  the  original  materials,  37.4  percent 
for  the  cylinders  made  with  the  distillation  residue, 
and  36.9  percent  for  the  cylinders  made  with  the 
asphaltic  residue. 

The  method  of  mixing  and  molding  the  cylinders  was 
the  same  as  that  used  in  1932.     The  results  of  the  te 
on  the  cylinders  of  series  1  and  2  are  given  in  tables 
10  and  11,  respectively.     All  results  are  the  averages 
of  three  tests. 

The  results  of  tests  on  the  cylinders  of  series  1  are 
shown  graphically  in  figure  11.  The  stability  of  the 
cylinders  at  77°  F.  was  plotted  against  the  Furol  vis- 
cosity at  122°  F.,  and  the  results  of  the  float  test  at 
77°  F.  for  the  cylinders  made  with  the  original  mate- 
rials and  against  the  float  test  results  at  122°  F.  and  the 
penetration  at  77°  F.  for  the  cylinders  made  with  the 
distillation  residue.  Since  the  asphaltic  residues  are 
all  of  approximately  the  same  consistency,  the  sta- 
bilities were  plotted  for  each  sample  independently. 

Figure  11  shows  that  although  the  stability  of  the 
mixtures  was  rougldy  proportional  to  the  consistency 
of  the  contained  bitumen,  materials  having  the  same 
consistency  as  measured  by  viscosity  at  122°  F.,  float 
test  at  77°  F.  and  122°  F.,  and  penetration  at  77°  F. 
had  different  stabilities.    This  was  especially  noticeable 
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Table  10.- — Results  of  tests  on  series  1  cylinders 


Original  material 

Distillation  residue 

Asphalt  ic  residue 

Sample  iden- 
tification 

Stabil- 
ity at 

77°  F 

Float 
at77°F. 

Furol 
viscos- 
ity at 
122°  F. 

Stabil- 
ity at 
77°  F. 

Float 

at  122° 
F. 

Pene- 
tration 
at77°F. 

Stabil- 
ity :it 
77°  F. 

Pene- 
tration 
at,77°F. 

1 

Pounds 
75 
125 
125 
150 
125 
75 
75 
100 
100 
75 
25 
100 
150 
125 
75 
75 
150 
125 
175 
100 
75 
150 
75 
75 
275 
150 
25 
200 
275 
125 
100 
75 

Seconds 
100 
52 
50 
63 
36 
21 

9 
60 
33 
11 

4 
13 
41 
49 
21 
38 
20 

9 
75 
46 
23 
60 
12 
14 
31 
35 

3 
19 
17 
39 

;;; 

25 

Seconds 
294 
303 
274 
404 
331 
335 
181 
277 
175 
197 

50 
182 
406 
278 
219 
217 
205 
199 
320 
300 
293 
768 
123 
241 
472 
351 

47 
303 
260 
350 
431 
331 

Pounds 

125 

400 

200 

250 

325 

150 

375 

100 

200 

475 

175 

200 

200 

150 

175 

100 

1,000 

400 

475 

350 

200 

325 

150 

3,  925 

3,225 

3,  025 

:{.soii 

3,  775 

3,850 

3.  475 

2,  325 

1,  500 

Seconds 
24 
60 
43 
45 
58 
21 
62 
27 
44 
87 
34 
38 
37 
36 
41 
25 
110 
60 
57 
50 
41 
56 
27 

76 
77 
84 
87 
65 
72 
81 
205 
298 

Pounds 
2,275 
3, 975 
3,  775 
3,600 
2,  575 
'.'.  'J  7  5 
2,575 

2.  100 

3,  50(1 
'J,  125 
3,  175 
2.  450 

2,  775 

3,  675 
2,675 
2,225 
2,7011 
1,900 
3,  775 
2,  325 
2,  375 
2,  325 
2,700 
2,  950 
2,  825 

2,  725 
3,850 
3,725 
3,650 
3,000 
2,950 

3,  075 

96 

2 

100 

3 

105 

4 _ 

107 

5-_ 

105 

6 

7.. 

99 
92 

8 

100 

9.._ 

10 

86 
106 

11 

84 

12. ___. 

13 

97 
93 

14 

93 

15 

103 

16 

109 

17 

102 

18. 

100 

19 ....    . 

102 

20 

104 

21 

110 

22 

113 

23 

98 

24 

101 

25 

94 

26 

95 

27 

90 

28 

97 

29 

100 

30 

104 

31 

112 

32. 

101 

Table  11. — Results  of  tests  on  series  2  stability  cylinders 


Cylinders 

Cylinders 

Cylinders  made  with  the  original 

materials 

made 

with 

made  with 

o 

distillation 

asphaltic 

residue 

residue 

a 

Stability  at  77°  F. 

Loss  of  bitumen 

Theo- 

Theo- 

■a 

Sta- 

reti- 

Sta- 

reti- 

a> 

bility 

cal 

bility 

cal 

P. 

When 

In  5 

In  10 

In  15 

In  5 

In  10 

In  15 

at 

loss  of 

at 

loss  of 

d 

made 

weeks 

weeks 

weeks 

weeks 

weeks 

weeks 

77°  F. 

bitu- 

77° F. 

bitu- 

CO 



men 

men 

Per- 

Per- 

Per- 

Per- 

Per- 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

cent 

cent 

cent 

Lbs. 

■,  /,/ 

Lbs. 

1 

75 

300 

300 

425 

0 

3 

1 

125 

3 

1,975 

28 

2 

125 

900 

1,100 

1,300 

7 

12 

12 

425 

11 

3,575 

25 

3 

125 

750 

1,000 

1,150 

6 

10 

11 

250 

7 

3,075 

28 

4 

150 

600 

750 

850 

3 

6 

6 

300 

6 

3,150 

25 

5 

125 

675 

1,025 

1,275 

6 

11 

11 

475 

14 

2,400 

29 

b 

75 

225 

250 

300 

4 

9 

9 

175 

7 

1,975 

38 

7 

75 

425 

550 

600 

15 

20 

21 

425 

23 

2,  075 

35 

8 

100 

250 

300 

300 

3 

5 

6 

175 

6 

1,750 

35 

9 

100 

550 

775 

800 

7 

12 

12 

325 

11 

3,  075 

31 

10 

75 

775 

950 

1,  250 

14 

18 

18 

550 

22 

2, 175 

34 

11 

25 

425 

500 

800 

18 

21 

22 

275 

25 

2,  450 

47 

12 

100 

350 

425 

550 

10 

14 

15 

275 

18 

2,050 

38 

13 

150 

650 

700 

875 

6 

10 

10 

275 

9 

2,350 

33 

14 

125 

650 

900 

1,025 

4 

8 

8 

225 

5 

2,900 

30 

15 

75 

475 

550 

600 

8 

12 

13 

300 

15 

2,325 

38 

lb 

75 

250 

325 

350 

4 

8 

9 

175 

7 

1,875 

38 

1/ 

150 

950 

1,000 

1,200 

15 

19 

21 

1,275 

21 

2, 325 

28 

18 

125 

825 

950 

[,200 

16 

20 

20 

500 

18 

1,  750 

25 

19 

175 

1,650 

2,525 

3,075 

7 

11 

11 

625 

10 

2,825 

24 

20 

100 

725 

1,000 

1,250 

8 

12 

13 

350 

14 

2.050 

31 

21 

75 

525 

700 

850 

8 

13 

14 

300 

15 

1,950 

37 

22 

159 

775 

1,075 

1,400 

5 

9 

9 

350 

10 

2, 100 

29 

23 

75 

275 

550 

750 

7 

11 

11 

200 

12 

2,  175 

39 

24 

75 

4,275 

4,325 

5,200 

20 

23 

22 

3,050 

25 

2  800 

23 

25 

275 

3,700 

3,750 

3,850 

17 

19 

19 

3.  025 

24 

2,650 

22 

26 

150 

3,500 

3,  125 

3,550 

21 

24 

23 

2,800 

23 

2,775 

22 

27 

25 

1,450 

1,500 

1,650 

28 

30 

29 

2,875 

30 

3,600 

27 

28 

200 

4,650 

4,250 

4.  975 

16 

18 

18 

3,400 

21 

3,475 

20 

29 
30 
31 

32 

275 
125 
100 

75 

4,400 

4,100 

4,825 

13 

16 

16 

3,  250 
3,175 

24 
26 

3,400 
2,700 

21 
24 

2,075 

20 

2,675 

21 

1,425 

22 

2,775 

25 

in  the  results  with  the  cylinders  made  with  the  asphaltic 
residue.  Although  all  of  these  residues  had  approxi- 
mately the  same  penetration,  the  stability  of  the  cylin- 
ders varied  from  1,900  pounds  for  sample  18  to  3,975 
pounds  for  sample  2. 
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IDENT  IFICATION 


Figure  11. — Relation  Between  the  Consistencies  of  Origi- 
nal Materials,  Distillation  Residues,  and  Asphaltic 
Residues  and  the  Stability  at  77°  F.  of  Cylinders  oi 
Series  1. 

It  is  seen  that  the  cylinders  made  with  the  asphalts 
residues  of  samples  2,  3,  4,  9,  11,  14,  and  19  all  ha< 
stabilities  of  over  3,000  pounds.  All  of  these  material 
were  heterogeneous  originally,  all  were  materials  o 
high  specific  gravity,  and  all  except  sample  11  containei  i 
or  developed  carbenes  and  free  carbon.  Sample  1 1  ha< 
a  relatively  high  specific  gravity  but  did  not  develo 
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STABILITY 


DENTIFICATION 


Figure  12. — Comparison  of  Loss  of  Bitumen  and  Stability 
of  Series  2  Hubbard-Field  Cylinders. 

carbenes.  Samples  5,  7, 13, 15, 17,  and  23  had  stabilities 
between  2,500  and  3,000  pounds.  Samples  17  and  23 
were  heterogeneous  materials  of  high  specific  gravity 
that  contained  or  developed  carbenes.  Samples  5  and 
13  were  heterogeneous  materials  of  fairly  high  specific 
gravity  but  they  did  not  develop  carbenes,  and  samples 
7  and  15  were  materials  of  low  specific  gravity.  All  of 
the  cut-back  products  had  asphaltic  residues  giving 
stabilities  of  2,500  pounds  or  over  and  five  gave  stabilities 
of  3,000  pounds  or  over. 

Figure  12  shows  the  results  of  stability  tests  on  the 
cylinders  of  series  2.  The  loss  of  bitumen  in  5  and  15 
weeks  of  exposure  and  the  theoretical  loss  of  bitumen 
in  the  cylinders  made  with  the  distillation  and  asphaltic 
residues  were  plotted  for  each  sample.  The  stabilities 
at  77°  F.  for  each  sample  were  also  plotted. 

In  this  figure  it  is  seen  that,  in  the  case  of  the  slow- 
curing  materials,  although  the  loss  of  bitumen  in  the 
exposed  cylinders  was  approximately  the  same  as  the 
loss  in  the  distillation  test,  the  exposed  cylinders  had 
greater  stability  than  the  cylinders  made  with  the  distil- 
lation residue  except  in  the  case  of  sample  17.     This 
sample,  even  in  15  weeks,  did  not  attain  as  high  a 
stability  as  the  cylinders  made  with  the  distillation 
!  residue.    It  is  also  seen  that  the  loss  in  15  weeks'  ex- 
.  posure  did  not  approach  the  loss  in  the  asphaltic  residue 
test  and  that  the  stability  of  the  exposed  cylinders  did 
not  approach  the  stability  of  the  cylinders  made  with 
the  asphaltic  residue,  except  in  the  case  of  sample  19. 
For  the  cut-back  materials  the  indicated  losses  were 
j  probably  in  error  due  to  unavoidable  loss  of  volatile 
matter  while  mixing  and  molding  the  cylinders.     The 
dosses  in  5  and  15  weeks  of  exposure  probably  should 
■  hav3  been  about  the  same  as  the  losses  in  the  distillation 
and  asphaltic  residue  tests.    The  stabilities  at  5  weeks 


were  higher  than  the  stabilities  of  cylinders  made  with 
the  asphaltic  and  distillation  residues  except  in  the  case 
of  sample  27. 

SATISFACTORY  CHECKS  OBTAINED   WITH   RESULTS  OF  1932  TESTS 

After  the  exposure  tests  had  been  started,  a  question 
was  raised  concerning  the  use  of  plate  glass  covers  for 
the  exposure  cabinets  because  it  prevented  the  active 
ultra-violet  rays  from  acting  on  the  materials.  Fused 
quartz  glass  not  being  available,  Vita  glass,  which, 
after  a  short  stabilization  period,  is  guaranteed  to  per- 
manently transmit  an  effective  volume  and  combination 
of  wave  lengths  of  active  ultra-violet  light,  was  used  to 
determine  the  effect  of  the  passage  of  more  active  light. 
Duplicate  sets  of  10  of  the  slow-curing  materials,  2  of 
the  rapid-curing  materials,  and  sample  27  and  3  new 
medium-curing  materials,  samples  30,  31,  and  32,  were 
exposed  under  both  Vita  and  plate  glass  for  5-  and 
10-week  periods.  The  materials  were  exposed  in  thin 
films  and  also  admixed  with  the  standard  sand  in  the 
form  of  Hubbard-Field  cylinders. 

This  exposure  was  started  August  28,  1933.  During 
the  first  5-week  period  the  average  maximum  air 
temperature  was  80°  F.  and  the  number  of  sunlight 
hours  was  266.  During  the  10-week  period  the  average 
maximum  air  temperature  was  73°  F.  and  the  number 
of  sunlight  hours  was  512.  The  results  of  the  tests  on 
the  thin  films  are  given  in  table  12,  and  those  on  the 
Hubbard-Field  cylinders  in  table  13. 

As  shown  by  tables  6  and  12,  the  materials  did  not 
lose  as  much  nor  get  as  hard  in  10  weeks  as  they  did  in 
the  original  5  weeks  of  exposure.  This  was  due  to  the 
lower  air  temperature  and  also  to  the  fact  that  the 
sun's  rays  striking  at  an  oblique  angle  did  not  cause 
the  material  to  get  as  hot  as  earlier  in  the  summer. 
There  was  little  if  any  difference  between  the  materials 
exposed  under  the  different  types  of  glass.  The  samples 
exposed  under  Vita  glass  had  a  little  more  material 
insoluble  in  carbon  disulphide  and  carbon  tetrachloride 
and  generally  had  a  little  more  material  insoluble  in 
naphtha.  Each  solubility  reported  was  the  average  of  3 
or  more  tests.  The  results  of  the  stability  tests  do  not 
show  that  there  was  any  difference  between  the  two  types 
of  glass.  The  comparative  study  of  the  effectiveness  of 
Vita  glass  and  plate  glass  as  cover  for  the  exposure  of 
the  samples  did  not  produce  differences  great  enough 
to  indicate  their  relative  efficiency  for  this  purpose. 

As  stated  previously,  four  of  the  samples  tested  in 
1932  were  included  in  the  1933  work  and  the  results 
obtained,  as  shown  in  table  14,  were  in  remarkably  close 
agreement  with  the  previous  tests.  In  the  case  of 
samples  17  and  19  the  residues  from  the  1933  exposure 
tests  had  greater  percentages  of  free  carbon  and 
carbenes  than  did  residues  from  the  1932  exposure  tests. 

The  results  of  the  two  sets  of  stablity  tests  were 
not  in  such  close  agreement  because  the  aggregate  used 
in  the  1933  tests  was  somewhat  coarser  than  that  used 
in  1932.  In  1932,  cylinders  made  with  sample  17  were 
the  only  ones  that,  after  15  weeks'  exposure,  had  a 
stability  about  the  same  as  those  made  with  the  dis- 
tillation residue.  In  1933  the  cylinders  made  with 
sample  17,  after  15  weeks'  exposure,  had  less  stability 
than  the  cylinders  made  with  the  distillation  residue. 
Cylinders  of  sample  19  that  in  1932,  after  15  weeks' 
exposure,  had  a  stability  approaching  that  of  the 
asphaltic-residue  cylinders,  in  1933,  after  15  weeks' 
exposure,  had  a  stability  higher  than  that  of  the 
asphaltic-residue  specimens. 
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Table  12. — Result*  of  tests  on  plate  and  Vita  glass  exposure  residues 

■  WEEKS'  EXPOSURE 


a 
o 

g 

a 

as 

a 
3, 

5 

Plate 

glass 

Vita  glass 

Loss 

fa 

Is 

o 

s 

Penetration 

'o 

a 
a 
■f. 

Ductihn  at  5 
em  per  minute 

<D 
'3  2 

5  3 

sua 

Per- 
cent 

3    „ 

18 

0-9 

a  3 

-JiO 

m 

CO   o! 

35 

s-a 

.Q  os 
3  3 

"o 
a 

Per- 
cent 
12.7 
29.9 
18.4 
24.8 
26.8 
12.2 
32.  6 
17.2 
14.1 
19.2 
27.3 
27.7 
33.3 
32.7 
29.7 
19.8 

Loss 

fa 
cj 

OS 

o 

fa 

Penetration 

a 

'o 

a 

a 
"3 

"o 

Ductility  at  5 
cm  per  minute 

SO 
a  a 

P 

OS—; 
Ci)  O 
1-    W 

o 

3   - 

*  a 
o  ® 
ll 

&£  o 

m 

CO 
X    - 

C~ 

So. 

—    3S 

3  a 

"c 

At  77° 

F.,  100 

g,  5 

sec. 

At  32° 

F.,  200 

S,  60 

sec. 

At  77' 
F. 

At  34°- 
35°  F. 

At  77 

F.,  100 

g,5 

sec. 

At  32° 

F.,  200 

g,  60 

sec. 

At  77° 
F. 

At  34°- 
35  °F. 

1 

Per- 
cent 
-2.5 
6.7 
4.5 
2.2 
12.  4 
16.0 
6  -1 
7.9 
8.0 
6.0 
21.5 
27   1 
18.5 
22.6 
17.6 
17.7 

.Sec- 
onds 
50 
113 
61 
53 
140 
110 
105 
103 
53 
52 

°F 

Centi- 
meters 

Centi- 
'•ii'  ii  rs 

Per- 
cent 

Per- 
cent 
-3.3 

4.5 

1.6 

12,4 
14.9 
5.6 
6.5 
5.7 
5.6 
21.5 
26.2 
18.8 
22.1 
17.3 
17.5 

Sec- 
onds 
46 
92 
54 
47 
156 
104 
98 
96 
49 
50 

°F. 

Centi- 
meters 

Centi- 
meters 

Per- 
cent 

Per- 
cent 

Per- 
cent 
13.4 

o 



6.86 

1.22 

6.85 

29.2 

13 

17.8 

14 

."I 

1.08 

2.68 
4.09 

.47 
1.28 

2.73 
4.64 

23.4 

17 

28.3 

18 

12.9 

19 

1.68 

9.63 

2.00 

10.22 

33.6 

20 

17.0 

21 

13.7 

23 

19.2 

26 

37 
46 
40 
38 
61 
122 

18 
14 
17 
16 
18 
24 

143 
124 
141 
136 
124 
106 

8.5 

17.0 

11.0 

18  0 

110+ 

110+ 

0.0 
.0 
.0 
.0 
.0 

1 

13 
.19 

.33 
.56 

33 
39 
59 
40 
52 
123 

16 
14 
21 
20 
17 
28 

147 
126 
134 
138 
126 
106 

10 
12 
18 
15 
110+ 
110+ 

0.0 
.0 
.0 

.0 
.0 
5 

.26 

.31 

.15 
.64 

27.6 

27 __ 

28.0 

29 

31.7 

30 

33.5 

31 

30.5 

32 

20.8 

10  WEEKS'  EXPOSURE 


1 

-2.5 

7.1 

5.1 

2.2 

12.9 

16.4 

7.6 

8.3 

8.7 

6.1 

21.4 

26.4 

19.3 

22.6 

17.8 

18.1 

54 
152 
85 
64 
178 
114 
145 
135 
70 
71 

0.14 

7.77 

.04 

3.16 

5.16 

.12 

10.42 

.07 

•  Q.9 

.10 

.36 

.73 

.22 

.23 

.13 

.17 

14.1 
30.2 
19.6 
23.9 
28.1 
12.9 
34.3 
19.4 
15.0 
20.4 
28.0 
29.9 
33.4 
33.9 
33.  7 
22.  2 

-3.3 
4.1 
3.2 
2.3 
12.6 
16.1 
6.9 
8.0 
8.7 
6.1 
21.5 
26.7 
18.9 
22.3 
17.3 
18.0 

56 
141 
71 
65 
297 
154 
133 
125 
74 
84 

0.22 

8.13 

.05 

3.45 

5.39 

.16 

10.61 

.11 

.12 

.08 

.25 

.59 

.24 

.20 

.14 

.15 

14.6 

2... 

1.42 

1.73 

30.5 

13... 

-  20.2 

14... 

.50 
1.03 

.55 
1.24 

24.1 

17  .. 

29.1 

is    . 

13.9 

19 

s  ss 

2.99 

33.7 

20 

19.0 

21 

.     

15.9 

23... 

21.3 

26 

32 
31 
42 
32 
39 
87 

17 
13 
17 
14 
14 
99 

147 

128 
141 
142 
131 
115 

6.3 

- 
13.5 

8.3 
33.0 
63.0 

.0 
.0 
.0 
.0 
.0 
.0 

.42 
.  25 

30 

26 
52 
34 
44 
73 

16 
13 
19 
15 
15 
17 

149 
130 
136 

141 
131 
117 

6 

7 
16 
11 
32 
65 

.0 
.0 
.0 
.0 
.0 
.0 

.31 
.30 

28.7 

27 

31.1 

29 

33.3 

30 

35.3 

31 

33.0 

32 

23.7 

CONCLUSIONS 

The  results  of  this  investigation  substantiate  most 
of  the  conclusions  arrived  at  in  the  1932  investigation, 
modify  two  of  the  conclusions,  and  indicate  some  new 
conclusions.     The  conclusions  substantiated  are: 

1.  Materials  of  high  specific  gravity  and  their  resi- 
dues are,  in  general,  more  susceptible  to  changes  in 
temperature  than  materials  of  low  specific  gravity  and 
their  residues. 

2.  Hardening  due  to  causes  other  than  loss  of  volatile 
matter,  and  changes  in  inherent  characteristics  that 
may  be  attributed  to  oxidation,  polymerization,  and 
carbonization,  occur  to  the  greatest  extent  upon  ex- 
posure and  least  during  distillation. 

3.  The  development  of  a  ductile  residue  either  in 
the  asphaltic-residue  test  or,  in  the  case  of  cut-back 
materials,  in  the  distillation  test,  does  not  indicate 
that  the  material  will  develop  a  ductile  residue  upon 
exposure. 

4.  The  bonding  strength  of  the  original  materials 
and  their  residues  is  roughly  proportional  to  their 
consistencies,  but  materials  having  the  same  consistency 
as  measured  by  the  present  tests  do  not  always  give 
the  same  stability.  The  reasons  for  these  differences 
in  stability  cannot  be  determined  under  the  present 
methods  of  testing. 

The  following  conclusions  are  somewhat  modified 
from  1932: 


Table  13. — Results  of  stability  tests  on  cylinders  exposed  under 
plate  and  Vita  glass 


Loss  of  bitumen 

Stability  at  77°  F. 

Sample  identi- 
fication 

In  5  weeks 

In  10  weeks 

In  5  weeks 

In  10  weeks 

Plate 

Vita 

Plate 

Vita 

Plate 

Vita 

Plate 

Vita 

1 

Percent 

2 

8 

7 

4 

13 

18 

8 

8 

8 

5 

21 

2S 

12 

23 

18 

18 

Percent 
1 
5 
4 
2 
12 
16 
6 
7 

4 

21 
28 
12 
23 
19 
17 

Percent 

2 

8 

6 

4 

15 

18 

8 

8 

8 

6 

24 

30 

14 

24 

20 

19 

Percent 

1 

7 

5 

3 

13 

17 

8 

8 

8 

5 

23 

30 

13 

24 

20 

20 

Pounds 

225 

850 

450 

475 

650 

500 

1,075 

550 

325 

225 

2,775 

1,225 

3,775 

2,575 

2,325 

1,675 

Pounds 

250 

700 

450 

400 

700 

500 

1,000 

500 

350 

200 

2,650 

1,225 

3,725 

2,550 

2,375 

1,725 

Pounds 

275 

850 

500 

500 

650 

525 

1,250 

500 

350 

250 

3,550 

1,575 

4,600 

2,850 

2,  725 

2,200 

Pounds 
375 

2     _ 

800 

13 

425 

14             

450 

17 

700 

18 

500 

19                   

1,275 

20 

525 

21                 

350 

23 

250 

26... .- 

3,500 

27 

1.350 

29 

4.575 

30 

3.  025 

31 _ _. 

32 

3, 125 

2.  675 

5.  The  relative  rates  of  volatilization  of  the  various 
materials  can  be  anticipated  most  readily  from  the 
distillation  curves.  The  different  classes  of  material 
may  be  differentiated  in  the  loss  and  asphaltic-residue 
tests,  especially  if  the  time  of  reduction  to  100  pene- 
tration is  considered.  However,  sharp  distinctions  in 
initial  curing  properties,  that  may  be  of  importance  in 
some  types  of  construction,  can  be  determined  only 
from  the  distillation  curves. 
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6.  Carbonization  generally  occurs  in  materials  that 
originally  contain  some  material  insoluble  in  carbon 
disulphide  and  carbon  tetrachloride,  but  some  materials 
with  exceptionally  high  solubility  in  these  solvents 
show  a  tendency  to  carbonize  under  both  laboratory 
and  exposure  conditions. 

The  following  conclusions  are  developed  upon  the 
basis  of  the  data  collected  in  1933  only: 

7.  The  Oliensis  test  is  more  sensitive  than  the  micro- 
scopic test  in  the  detection  of  materials  that  have 
been  subjected  to  excessively  high  temperatures  in 
manufacture.  However,  neither  test  seems  definitely  to 
distinguish  products  that  will  weather  badly. 

8.  The  use  of  Vita  glass  in  place  of  plate  glass  for  the 
cover  of  the  exposure  boxes  did  not  materially  change 
the  results.  However,  because  of  the  lateness  in  the 
year  when  these  tests  were  started  the  results  are 
considered  inconclusive. 

9.  If  like  periods  of  the  year  are  used  for  exposure, 
satisfactory  check  tests  can  be  obtained  with  the  expo- 
sure assembly  used  in  these  investigations. 

Many  of  the  laboratory  heat  tests  have  been  criticized 
as  producing  conditions  dissimilar  to  and  more  severe 
than  service  conditions.  These  investigations  have 
shown  that  the  physical  and  chemical  characteristics 
generally  believed  to  belong  to  unsatisfactory  materials 
are  developed  upon  exposure  in  many  products  that 
satisfactorily  withstand  laboratory  testing.  While  it  is 
possible,  by  the  utilization  of  identification  tests,  to 
restrict  materials  to  a  limited  number  of  sources  or 
manufacturing  processes,  it  is  impossible  to  predict, 
with  any  degree  of  accuracy,  the  weather-resisting 
properties  of  the  material  thus  obtained.  It  is  believed 
that  efforts  should  be  directed  to  the  modification  of 
some  of  the  present  laboratory  heat  tests  so  that  differ- 
ences in  the  tendency  of  various  materials  to  develop 
unsatisfactory  residues  may  be  recognized. 


Table  14.- — Comparison  of  1932  and  1933  exposure  tests 

TESTS  ON  RESIDUES  AFTER  EXPOSURE 


Sample  identification 


Test  characteristic 


Loss  in  10  weeks,  percent 

Penetration  at  77°  F 

Penetration  at  32°  F 

Softening  point,  °F 

Ductility  at  77°  F.,  centimeters 

Ductility  at  34°-35°  F.,  centi- 
meters  

Insoluble  in  CSo.  percent. 

Insoluble  in  CCU,  percent 

Insoluble  in  86"  B.  naphtha, 
percent 

Loss  in  15  weeks,  percent 

Penetration  at  77°  F. 

Penetration  at  32°  F 

Softening  point,  °F 

Ductility  at  77°  F.,  centi- 
meters   _ 

Ductility  at  34°-35°  F.,  centi- 
meters..-  

Insoluble  in  CS2,  percent 

Insoluble  in  CCI«,  percent 

Insoluble  in  86°  B.  naphtha, 
percent 


1932 


18.3 

41 

17 

163 

1.0 

.0 
l.Of. 
8.  27 

34.8 
19.  8 

19 
12 
181 

0.3 

.0 
2.50 
9.11 

37.2 


18.7 

36 

14 

170 

0.5 

.0 
3.17 
9.  66 

36.  2 

19.5 

29 

12 
168 

0.5 

.0 
3.30 


35.4 


1932 


18.5 
132 
37 
106 

110+ 

1.5 


.10 

17.6 

IS.  7 

93 

29 

113 

86  0 

4.0 


.17 
19.6 


1933 


17.7 
152 
43 
105 

110+ 


1932 


17.3 

19.0 

93 

28 

116 

115.0 

4.5 

"~."io 

18.8 


13.3 

40 

9 

121 

110+ 

.0 

5  96 
14.94 

41.1 
13.7 


129 

110+ 

.0 
6.17 
15.61 


1933 


12.0 

44 

10 

121 

110+ 

.0 
6.50 
16.02 

38.7 

13.8 

29 

128 

110+ 

.0 
7.  50 
18. 15 


1932      1933 


13.1 

95 

3(1 

115 

65.0 

3.3 

'"."6.5" 

26.8 

13.7 

67 

24 

121 

42.0 

1.3 

"\"l4 

28.5 


TESTS  OX  HUBBARD-FIELD  CYLINDERS 


Loss  of  bitumen: 

In  5  weeks,  percent 

In  10  weeks,  percent 

In  15  weeks,  percent 

Stability  at  77°  F.:' 

Original  cylinders,  pounds. 
After  5  weeks'  exposure, 

pounds 

After  10  weeks'  exposure. 

pounds 

After  15  weeks'  exposure, 

pounds 

Series  2,  distillation  residue 

cylinders,  pounds 

Series  2,  asphaltic  residue 

cylinders,  pounds 


15 
18 

21 

275 
1,100 
1,575 
1,550 
1,475 
4,050 


15 
19 
21 

150 

950 

1,000 

1,200 

1,275 

2,325 


IS 
19 
21 

200 

S00 

1,125 

1,650 

750 

2,925 


16 
20 
20 

125 


950 
1,200 

500 
1,750 


8 
10 
14 

325 
1,375 
3,175 
4,050 

800 
4,900 


7 
11 
11 

175 
1,650 
2,525 
3,075 

625 
2,825 


9 
12 
13 

225 

775 

1,525 

1,975 

500 

3,325 


11.5 
136 
41 
112 

3.S 


24.  2 

13.  6 

84 

28 

120 

72.0 

3.0 

~~~09 


8 
12 
13 

100 

725 
1,000 
1,250 

350 
2.  050 


1  Differences  in  stability  probably  are  caused  by  differences  in  grading  of  the  sand. 
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STATE  MOTOR-FUEL  TAX  EARNINGS,  1934 


[Compiled  for 

calendar  year  from  reports  of  State  authorities  ' 

] 

Tax  rate 
per  gallon 

Date  of  rate 
change 

Gross 
tax 
aS- 

sessed 

Re- 
funds 
earned 
or 

paid  5 

Net  e  irn- 
ings 

on  all 
motor- 
fuel 
taxed  ' 

Classification  of  tax  earnings  ' 

Other  earnings  in  connection 
with  motor-fuel  tax  3 

By  rate  of  tax 

By  use  c 

f  fuel 2 

Grand 

On 

Ian. 

1 

On 

Dec. 

31 

At  full 
rate 

Vi  reduced  rates6 

For 
high- 
way 
use  ! 

For 
other 

uses 

Dis- 

ti  ibu- 
tors' 
li- 
censes 

1.000 
rff  liars 

Deal- 
er^' 
li- 
censes 

In- 
spec- 
tion 
fees 

Other 
fees, 
etc. 

Total 

total 
earn- 
ings 

Rate 

per 

gallon 

Amount 

( '( nts 

c, 

5 
6 
3 

»4 

2 
3 

6 
5 
3 
4 

3 
3 
5 
5 

4 
4 
3 
3 

3 
6 
2 
5 

4 
4 
4 
3 

5 
3 
6 
3 

4 
4 

5 
3 

2 
6 

4 

4 
4 
4 
5 

5 
4 
4 

4 
2 

Cents 
6 

5 

m 

3 

4 

2 
3 

6 

3 
4 

3 
3 
5 

5 

4 
4 
3 
3 

3 
6 
2 
5 

4 

4 
4 
3 

5 
3 
6 
3 

4 
4 

5 
3 

6 
4 

4 
4 
4 
5 

5 
4 
4 
4 
2 

1.000 
dollars 
9,  299 
3,542 
8.118 
39.  621 

7,  591 

5,099 
1,246 

16,  499 

14.366 

3.  16(1 
30.  772 
18,626 

12.114 
8,516 
9  2lg 

8,  92:', 

4.  632 
8.  251 

17.  635 
22,068 

12.  1511 
7.  519 
'J.  sill 
4.274 

5.  667 
988 

2,826 

17.035 

j.  sum 
45,044 
16,  788 

2,906 

38,  982 
10,817 

s.  299 
33,  409 

2.177 
7.  836 
3.  901 
14,114 

35, 005 

2.514 
1 .  912 
13.2(15 

13,039 

5,  905 
16,829 

1,764 
2,077 

/  .000 

dollars 

"  "sir 

254 
3.  661 

1,  116 

126 
61 

298 

1,646 
1,076 

864 

146 

442 

633 

1,090 

1.305 
631 
235 
610 

(IT 

(11 

80 

1 

252 
1,117 

3(16 
I'll 

1.364 

1.047 

120 
117 
195 

728 

1,080 

209 

1,430 

14 

1,000 

dollars 
i   ."Kl 
3,028 

7.  864 
35.960 

6,  175 

4.973 

1.  185 

in.  Kid 

2.871 
29,  126 
17,550 

11,  .'.mi 

8,  516 

'i.  .'is 

4. 4s»; 

7,  Slid 
17,002 
20,978 

10,845 

6,  sss 
9,575 
3,664 

8,  5711 
S94 

2.  746 
17.034 

2.  557 
13,927 
16,482 

2,  262 

37.618 

10.817 

7  252 

33',  409 

2.1157 

7.  719 
3,765 

14.  114 

31.640 
2.514 
1,942 

12,  177 

11,959 
5,  696 
15,399 

1.764 

2.(11,3 

1.000 

dollars 
9.299 
3.028 
7.047 

35,  960 

3.  719 

4.973 

1.  185 

16,  499 

14.366 

2.  865 
29.126 

17,  550 

11.250 
8,516 
9,  218 
8.922 

4.  437 

7,758 
17,002 
20.  961 

10,  845 

6.  760 
9.  575 

3.  664 

8.  570 

S94 

2.746 

17,032 

2,  557 
43.  927 
16.  421 

2,  262 

36. 409 
10,817 

7,  246 
33,  409 

2,  057 
7,719 
3,570 
14,114 

31.640 
2.514 
1.942 

12,477 

11.959 

5.  696 
15,399 

1.764 
2,063 

Cents 

1,000 

dollars 

1,000 

dollars 

1  /«)(! 

dollars 

1.000 
dollars 

1.000 
dollars 

1,000 
dollars 

1,000 
dolla  rs 

1,000 
dollars 

9,299 

3.028 
!  7.  181 
35,  960 

6,475 

4,973 
1.  185 

1 

1 

3.029 

Feb.  3 

6, 5, 4. 2 

'817 

*383 

7,864 

10 

10 

35, 970 

Feb    1     and 
Sept.  1. 

«4 

2,756 

6.  475 

(">) 

4.973 

1.185 

H35 

35 

16, 534 

14. 366 

2H 

6 

2.  865 
29.  126 
17.550 

11.250 
8,516 

6 

1 

5 
20 

4 

37 

3 

1 
5 
20 

118 
3 

2.872 

29. 131 

17,570 

1 
5 

11.255 

76 

S,  634 

9.  221 

4 

1 
3 

1 

49 

51 

8,923 

4.437 
.  7,809 
17.002 
20,961 

10,845 

6.  760 

3.  664 

49 

4.486 

7,809 

17,002 

m 

17 

17 

4 
1 

97 

2 

13  137 

8 

6 

98 
137 
106 

20, 984 

10, 943 

1 

128 

128 

7.025 

98 

9.681 

3,664 

Nebraska .. 

85 

1 

86 

8,656 

Nevada-.  - 

894 

2.  74i; 
17,032 

2,  557 
43.927 
16.  421 

2.  262 

36.  409 
10,  SI 7 
7.  216 

894 

New  Hampshire  . 

2,746 

New  Jersey    . 

2 

2 

2 

9 

25 

9 

58 

39 

64 

18 

58 

709 

17,098 

New  Mexico 

2.575 

43, 985 

North  Carolina 

1 

61 

61 

"704 

5 

17.191 

North  Dakota   ...  . 

2.262 

Ohio 

1 

1,209 

1.209 

37, 618 

Oklahoma 

4 

4 

10,821 

Oregon ..-    

1 

6 

6 

7,252 

Pennsylvania..     ... 

4 

4 

3 

33,413 

Rhode  Island 

2,057 



3 

2,060 

South  Carolina 

7,719 

South  Dakota 

2 

195 

3,570 

195 

3, 76J 

Tennessee     . 

14,114 

31,640 

111 

111 
1 

31, 751 

Utah 

1 

2, 51! 

Vermont...        

1,94: 

\  irginia.. _. 

12,477 

11,959 
5,  696 
15,  399 

12,47; 

Washington 

11,95! 

West  Virginia.    

2 

5 

1 

8 

5,70' 

Wisconsin 

15,39! 

Wyoming ...  . 

153 

1 

4 

1,761 

Dist.  of  Columbia. . 

2,  063 

2,061 

Detailed  totals  >6.. 



434, 634 

2,  056 

"  3.  66 

Grand  totals.  

591,995 

26.  968 

565,  027 

559,  729 

5,298 

:-'ii 

141 

1,099 

345 

1,615 

566,64 

1  See  preceding  table  for  gross  gallons  of  motor  fuel  reported,  exemptions, 
allowances,  etc.,  gross  gallons  taxed,  gallons  subject  to  refund,  net  gallons  taxed, 
and  information  regarding  classes  of  use  exempted,  subject  to  refund,  or  taxed 
at  lower  rates. 

2  The  purpose  of  this  classification  is  to  distinguish  between  the  tax  earnings 
on  motor  fuel  sold  for  use  in  motor  vehicles  on  the  highways  and  tax  earnings 
on  motor  fuel  sold  for  other  uses.  In  the  case  of  those  States  that  do  not  make 
this  distinction,  the  classification  is  omitted. 

3  Amounts  less  than  $500  not  tabulated. 

4  In  the  great  majority  of  cases  the  assessments  or  earnings  of  the  calendar 
year  were  reported.  A  few  States  reported  the  actual  collections  of  the  Year, 
which  lag  the  assessments  by  1  to  2  months. 

5  In  most  cases  the  refunds  reported  were  those  actually  paid  during  the  year, 
rather  than  refunds  claimed  on  motor  fuel  purchased  during  the  year.  The 
error  involved  in  deducting  refunds  paid  from  gross  tax  assessed  tends' to  balance 
over  an  annual  period.  The  refunds  tabulated  include  both  refunds  of  the  enure 
tax  and  partial  refunds. 

b  In  the  case  of  Arkansas  and  Colorado,  where  the  rate  w-as  changed  during 
the  year,  the  tax  earnings  at  the  lower  rates,  6  and  4  cents,  respectively,  are  shown 
tinder  this  heading. 


'  Includes  $445,000  on  6-cent  tax  prior  to  Feb.  13,  1934,  and  amounts  at  re- 
duced rates  at  State  borders,  as  follows:  At  5  cents,  $7,000;  at  4  cents,  $347,000; 
at  2  cents,  $18,000. 

s  Estimated  by  State. 

»  Rate  was  5  cents  from  Feb.  1  to  Aug.  31,  1934. 

10  Retail  gasoline  station  licenses,  $45,000,  included  in  report  on  motcr- 
vehicle  receipts. 

n  Includes  distributors'  licenses. 

12  Refunds  are  made  on  all  nonhighway  uses  with  the  exception  of  fuel  used 
in  commercial  motor  boats.  Earnings  on  motor-boat  fuel  (amount  not  reported) 
are  included. 

13  Includes  $138,560.  earnings  on  special  gasoline  tax  collected  in  Gulf  Coast 
counties  (Hancock.  Harrison,  and  Jackson)  for  seawall  protection,  and  $1,559 
in  penalties,  less  $2,629,  refunds  for  notary  fees. 

"  Inspection  fees  on  gasoline  and  kerosene;  bulk  of  receipts  on  gasoline. 
15  Includes  dealers'  licenses. 

:e  Classification  by  use  includes  36  States  and  the  District  of  Columbia. 
17  Weighted  average  rate. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 

ANNUAL  REPORTS 

Report  of   the  Chief  of  the   Bureau  of  Public  Roads,    1924. 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public   Roads,    1927. 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1928. 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1929. 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1931. 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1932. 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1933. 

Report  of  the  Chief  of  the  Bureau  of  Public   Roads,    1934. 

DEPARTMENT  BULLETINS 

No.    136D  .  .  Highway  Bonds.     20  cents. 

No.  347D  .  .  Methods  for  the  Determination  of  the  Physical 
Properties  of  Road-Building  Rock.     10  cents. 

No.  583D  .  .  Reports  on  Experimental  Convict  Road  Camp, 
Fulton  County,  Ga.     25  cents. 

No.  1279D  .  .  Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922. 

TECHNICAL  BULLETINS 

No.    55T  .  .  .  Highway  Bridge  Surveys.     20  cents. 

No.  265T  .  .  .  Electrical  Equipment  on  Movable  Bridges. 
35  cents. 

MISCELLANEOUS  CIRCULARS 

No.  62MC  .  .  Standards  Governing  Plans,  Specifications, 
Contract  Forms,  and  Estimates  for  Federal- 
Aid  Highway  Projects.     5  cents. 


MISCELLANEOUS  PUBLICATIONS 

No.  76MP  .  .  The  results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 

Federal   Legislation   and   Regulations   Relating 
to  Highway  Construction.     10  cents. 

Supplement  No.   1   to  Federal  Legislation  and 
Regulations  Relating  to  Highway  Construction. 

No.   191  ....  Roadside  Improvement.     10  cents. 
The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

REPRINT  FROM  PUBLIC  ROADS 

Reports  on  Subgrade  Soil  Studies.     40  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  I036Y  .  .  Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 
System  of  Ohio  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Vermont  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  New  Hampshire  (1927). 

Report  of  a  Plan  of  Highway  Improvement  in  the  Regional 
Area  of  Cleveland,  Ohio  (1928). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Pennsylvania  (1928). 

Report  of  a  Survey  of  Traffic  on  the  Federal-Aid  Highway 
Systems  of  Eleven  Western  States  (1930). 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  PUBLIC  ROADS,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 


CLEM SON  COLLEGE  LIBRARY 
GOVERMEN  I~  PUBLICATIONS 
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THE    LOS   ANGELES   ABRASION   MACHINE 

FOR  DETERMINING  THE  QUALITY 

OF  COARSE  AGGREGATE 


Reported  by  D.  O.  WOOLF,  Associate  Materials  Engineer  and,  D.  G.  RUNNER.  Assistant  Materials  Engineer,  Division  of  Tests,  U.  S.  Bureau  of  Public  Roads 


DURING  the  past  few  years  there  has  been  a  tend- 
ency on  the  part  of  highway  engineers  to  exam- 
ine rather  critically  a  number  of  the  time-honored 
tests  for  road  materials  with  a  view  to  ascertaining  the 
accuracy  with  which  they  measure  the  ability  of 
materials  to  meet  present-day  service  requirements. 

Two  such  tests,  the  standard  Deval  abrasion  test, ' 
and  the  standard  toughness  test,2  have  been  used  for 
many  years  to  determine  the  quality  of  ledge  rock. 
The  Deval  test  has  been  modified  by  the  American 
Society  for  Testing  Materials  to  serve  as  a  test  for 
gravel  as  well  as  for  ledge  rock.  This  modified  Deval 
test  for  use  in  testing  graded  samples  of  rounded  gravel 
was  adopted  tentatively  in  1928. 3  The  American 
Association  of  State  Highway  Officials  has  also  modified 
the  original  Deval  test  for  the  purpose  of  testing 
light-weight  materials  such  as  slag.4 

DEVAL  TEST  UNSATISFACTORY  IN  SEVERAL  RESPECTS 

These  modifications,  while  necessary  in  order  to 
adapt  the  Deval  test  to  such  materials  as  gravel  and 
slag,  also  made  necessary  the  use  of  entirely  different 
test  limits  for  the  various  materials  even  when  they 
were  intended  for  the  same  service.  An  illustration  of 
this  trend  is  found  in  the  current  specification  of  one 
of  the  State  highway  departments.  For  grade  A 
coarse  aggregate  for  concrete  that  department  allows  a 
maximum  wear  of  6  percent  for  limestone,  15  percent 
for  blast-furnace  slag,  and  12  percent  for  rounded 
gravel.  These  requirements  are  intended  to  result 
in  the  use  of  aggregates  of  comparable  quality.  The 
differences  are  necessary  because  the  modified  tests 
give  results  differing  from  those  given  by  the  standard 
Deval  test  on  ledge  rock  of  comparable  quality.  This 
[situation  is  unfortunate  because  of  the  apparent 
inconsistency  which  results  from  the  use  of  different 
test  limits  for  materials  that  are  to  meet  the  same 
service  requirements. 

Criticism  is  frequently  made  of  the  comparatively 

Ismail  range  in  values  given  by  the  Deval  test  for  rock 

|of  the  quality  ordinarily   used  in  road  construction. 

(The  Deval  test  is  essentially  an  abrasion  test  rather 

'than  an  impact  test;  for  this  reason  certain  types  of 

materials  that  are  very  low  in  toughness,  even  though 

lihey  are  quite  hard,  will  show  relatively  low  abrasion 

osses  in  this  test.     Certain  granitic  materials  fall  in 

.his    class.     Such    materials    are    frequently    reported 

lis  giving  unsatisfactory  results  in  service,  even  though 

iheir  percentages  of  wear  by  the  Deval  test  may  be 

mite  low. 


Method  D  2-33,  American  Society  for  Testing  Materials  Book   of  Standards, 
art  II,  1933. 

2  Method  D  3-18,  American  Society  for  Testing  Materials   Book  of  Standards, 
art  II.  1933. 

!  Tentative  Method  D  289-28T,  American  Society  for  Testing  Materials  Book  of 
entative  Standards,  1934.  ,  , 

*  Method  T-3,  Standard  Specifications  for  Highway  Materials  and  Methods  of 
mplir  g  and  Testing,  American  Association  of  State  Highway  Officials,  1935. 
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The  standard  toughness  test  has  also  been  subjected 
to  considerable  criticism  recently,  much  of  which  has 
been  directed  at  the  accuracy  of  the  test  method  itself. 
Attention  has  been  called  to  variations  in  results 
reported  by  different  laboratories  on  apparently 
identical  materials.  A  study  of  the  problem  indicates 
that  the  trouble  is  caused  by  the  flattening  of  the 
spherical  end  of  the  plunger  of  the  testing  machine 
through  use,  with  the  resultant  tendency  to  give  higher 
values.  Most  of  the  test  data  upon  which  many  of  the 
State  specifications  for  toughness  are  based  were 
obtained  before  the  necessity  for  rigidly  controlling 
this  variable  was  appreciated;  hence  the  condition  of  the 
testing  machine  has  assumed  considerable  importance 
in  the  acceptance  or  rejection  of  materials.  The 
condition  of  the  testing  machine  is  rendered  all  the  more 
important  by  the  fact  that  many  rocks  are  borderline 
materials  from  the  standpoint  of  toughness,  and  even  a 
small  variation  in  test  results  may  mean  the  difference 
between  acceptance  and  rejection. 

The  realization  of  these  and  other  weaknesses  in  the 
present  standard  tests  caused  the  bureau  to  investigate 
the  possibilities  of  the  so-called  "Los  Angeles  rattler" 
test  used  by  the  State  of  California  as  an  acceptance 
test  for  coarse  aggregates. 

THE  LOS  ANGELES  ABRASION  TEST  DESCRIBED 

A  number  of  years  ago  a  machine  for  determining  the 
abrasive  resistance  of  aggregates  was  developed  by  the 
engineers  of  the  city  of  Los  Angeles,  Calif.5  The 
method  developed  is  radically  different  from  the 
standard  Deval  abrasion  test  in  that  the  test  charge  is 
caused  to  drop  instead  of  to  slide  or  roll,  and  also  in 
that  an  abrasive  charge  and  a  sample  composed  of 
graded  sizes  of  particles  are  used.  A  test  run  of  500 
revolutions  is  used  instead  of  the  10,000  revolutions 
required  in  the  Deval  test,  thus  greatly  reducing  the 
time  required  for  making  the  test.  In  1927  the  Cali- 
fornia State  highway  laboratory  began  a  study  of  the 
Los  Angeles  abrasion  machine  to  determine  its  suit- 
ability for  use  as  a  substitute  for  the  Deval  machine. 
The  machine  and  test  method  were  apparently  found 
to  be  satisfactory  for  in  that  year  the  Los  Angeles  test 
method  was  adopted  by  the  State  as  a  standard  method. 
Some  changes  in  the  method  as  originally  proposed 
were  made,  the  latest  (1930)  test  method  being  as 
follows:  6 

The  machine  used  in  the  test  consists  of  a  cylindrical  drum  28 
inches  in  diameter  and  20  inches  in  length,  mounted  longitu- 
dinally on  a  horizontal  shaft,  and  having  a  shelf  4  inches  wide 
extending  from  end  to  end  on  the  inside. 

The  drum  is  charged  with  14  cubical  blocks  of  cast  iron  having 
rounded  corners  and  edges  and  weighing  a  total  of  5,000  grams, 
along  with  5,000  grams  of  rock,  which  is  graded  as  follows: 

s  Selection  of  Rock  and  Gravel  for  Highway  Construction,  by  C.  L.  McKesson, 
California  Highways,  vol.  3,  no.  4,  April  1928. 

e  From  an  unpublished  report  of  California  Division  of  Highways,  Sacramento, 
Calif.,  dated  June  13,  1930. 
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Figure  1. — The  Los  Angeles  Abrasion   Machine  Showing 
Cover  and  Abrasive  Charge. 

Screen  Total  percent 

size  passing 

V/i  inch 100 

\XA  inch 80 

1  inch 60 

%  inch 40 

'/>  inch 0 

After  charging,  the  drum  is  revolved  100  revolutions  and  500 
revolutions  at  a  rate  of  between  30  and  33  revolutions  per  minute. 
The  result  is  reported  as  the  percent  of  wear  at  100  and  500 
revolutions.  At  the  present  time  the  wear  is  considered  that 
portion  of  the  sample  which,  after  test,  will  pass  a  10-mesh  sieve 
having  a  clear  opening  of  0.065  inch  (no.  12  U.  S.  Standard). 

In  its  report  the  California  Division  of  Highways 
cites  certain  advantages  possessed  by  this  method  of 
testing  as  follows: 

The  Los  Angeles  rattler  test  is  decidedly  more  suitable  for 
determining  the  hardness  and  toughness  of  rock  and  the  amount 
of  soft  material  than  any  test  or  group  of  tests  studied.  Its 
advantages  are  pointed  out  as  follows: 

(a)  The  nature  of  the  treatment  is  severe,  bringing  out  weak- 
nesses not  shown  by  any  one  of  the  other  tests  studied. 

(b)  It  is  adapted  for  testing  both  crushed  and  gravel  aggre- 
gates. 

(c)  It  requires  very  little  time  for  performance. 

(d)  It  is  not  affected  materially  by  changes  in  volume  of 
aggregate  due  to  specific  gravity  because  of  the  size  of  cylinders 
in  which  the  test  is  made. 

(e)  It  eliminates  a  large  amount  of  the  personal  equation  which 
enters  into  some  of  the  other  tests. 

A  study  of  the  test  method  was  undertaken  by  the 
bureau  to  determine  whether  the  conclusions  reached  by 
California  can  be  applied  to  tests  covering  a  wider 
range  of  materials.  A  Los  Angeles  abrasion  machine 
was  constructed  according  to  plans  furnished  by  the 
California  Division  of  Highways.  This  machine  is 
shown  in  figure  1 .  The  shelf  which  picks  up  the  charge 
is  mounted  on  the  removable  cover.  This  cover  was 
originally  fastened  on  by  two  bolts  at  each  end.  A  few 
tests  showed  that  the  cover  sprang  at  the  center,  allow- 
ing dust  to  escape,  and  to  prevent  this  the  cover  is 
now  fastened  by  two  heavy  bars,  curved  to  fit  the  drum 
and  fitting  over  stud  bolts  projecting  from  the  drum. 


The  gasket  consists  of  four  thicknesses  of  heavy  canvas 
firmly  sewed  together. 

Test  samples  of  rock,  gravel,  and  slag  were  obtained 
from  various  parts  of  the  country,  largely  from  com- 
mercial producers.  Where  possible  samples  of  both 
ledge  rock  and  crushed  material  were  obtained.  The 
producers  were  requested  to  furnish  crushed  and  ledge 
rock  of  the  same  quality,  and  as  far  as  could  be  observed 
this  was  done.  These  samples  represented  practically 
all  types  of  rock  and  gravel  that  are  used  for  road  build- 
ing. Although  only  three  samples  of  slag  were  tested 
they  represent  the  type  of  blast-furance  slag  (70  to 
85  pounds  per  cubic  foot)  most  widely  used  in  high- 
way construction. 

BALLJ  FOUND  TO  BE  MOST  SUITABLE  AS  AN  ABRASIVE  CHARGE 

Prior  to  the  principal  series  of  tests,  a  preliminary 
study  was  made  to  determine  the  possibility  of  sub- 
stituting balls  for  the  cubical  shot  used  by  California. 
The  procedure  followed  by  California  required  an 
abrasive  charge  of  fourteen  1%-inch  cast-iron  cubes. 
It  was  recalled  that  in  the  standardization  work  on 
the  brick  rattler,  abrasive  charges  of  both  cubes  mid 
balls  were  used,  and  that  the  balls  were  finally  adopted.7 
The  cast-iron  balls  proposed  for  use  in  the  Los  Angeles 
machine  are  the  same  as  the  small  balls  used  in  the 
brick-rattler  machine,  and  have  a  nominal  diameter  of 
1%  inches  and  an  initial  weight  of  about  431  grams. 
Since  12  new  balls  weigh  about  5,170  grams,  the  stock 
of  used  balls  from  the  brick  rattler  was  inspected,  and 
12  balls  were  selected  whose  total  weight  was  5,000 ±5 
grams. 

To  insure  representative  results  in  the  preliminary 
series  of  tests,  one  sample  of  each  of  the  three  mate- 
rials— rock,  gravel,  and  slag — was  selected  for  test 
and  at  least  nine  samples  of  each  material  were  tested 
with  each  type  of  abrasive  charge.  Determinations 
of  the  percentage  of  wear  were  made  at  the  end  of  100 
and  500  revolutions.  After  100  revolutions  the  material 
was  taken  from  the  machine,  sieved  on  a  no.  12  sieve, 
and  the  particles  were  brushed  free  from  adhering 
dust.  All  of  the  material  retained  on  this  sieve  was 
then  weighed. 

The  entire  charge,  including  the  dust,  was  replaced 
in  the  machine.  The  test  was  resumed  for  an  addi- 
tional 400  revolutions  and  the  amount  passing  the 
no.  12  sieve  was  again  determined.  The  results  of 
these  tests  are  shown  in  table  1.  It  will  be  observed 
that  in  every  instance  the  balls  caused  a  greater  loss 
in  abrasion  than  the  cubes.  The  greater  weight  per 
unit  of  area  of  the  ball,  together  with  the  delivery  ol 
impact  at  a  single  point,  caused  greater  loss  in  the  test 
than  the  edges  and  corners  of  the  cube. 

Besides  producing  more  severe  action  on  the  test 
specimen,  the  abrasive  charge  of  balls  gives  slightl} 
more  concordant  residts.  Tests  with  the  ball  abrasive 
charge  show  an  average  deviation  of  3.4  percent  in  th( 
loss  at  500  revolutions,  while  the  corresponding  averag< 
deviation  for  the  cubes  is  5.5  percent.  More  con 
cordant  residts  were  obtained  at  500  revolutions  thai 
at  100. 

The  cubes  were  found  to  lose  weight  at  a  greater  rati 
than  the  balls.  Tins  required  constant  adjustment  o 
the '  cube  abrasive  charge  and  possibly  affected  tb 
abrasive  loss.     The  balls  lost  very  little  weight  after  tto 


i  A  Study  of  the  Rattler  Test  for  Paving  Brick,  by  M.  W.  Blair  and  Edward  Ortor 
Jr.,  Proceedings,  American  Society  for  Testing  Materials,  Vol.  11,  1911. 
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Table  1. — Comparison  of  cubes  and  balls  as  abrasive  charges  in 
Los  Angeles  machine 


Kind  of  material 

Abrasion  loss  using— 

Sample 
no. 

Cubes 

Balls 

100  revo- 
lutions 

500  revo- 
lutions 

100  revo- 
lutions 

500  revo- 
lutions 

332fi5 

Slag 

Percent 

8.2 

13.7 

1.5 

Percew. 

38.3 

52.0 

G.  1 

Percent 

9.7 
17.7 
2.0 

Percent 

4li  7 

33278 

Gravel 

59  3 

33279 

Basalt  rock .  

9  7 

first  few  tests.  This  feature,  combined  with  the  greater 
abrasion  of  the  test  sample  and  the  more  concordant 
results  obtained,  shows  that  balls  are  preferable  for 
use  as  the  abrasive  charge.  Furthermore,  many  labo- 
ratories are  equipped  with  the  brick  rattler  machine 
and  presumably  have  a  supply  of  cast-iron  balls  of  suit- 
able size  and  weight. 

RESULTS  OBTAINED  BY  THE  TWO  METHODS  OF  TESTING 
COMPARED 

After  deciding  to  use  balls  as  the  abrasive  charge,  the 
main  portion  of  the  investigation  was  considered.     It 
was  desired  to  compare  the  results  of  the  Los  Angeles 
abrasion  test  with  those  for  the  Deval  abrasion  test 
and,  also,  to  determine  the  effect  of  angularity  of  particle 
on  the  Los  Angeles  test  results.     To  obtain  these  data, 
each  sample  was  tested  in  the  Deval  and  Los  Angeles 
abrasion  machines  and  toughness  tests  were  made  on  all 
suitable  samples  of  rock.     The  Deval  abrasion  tests  on 
rock  and  slag  were  made  in  accordance  with  A.  S.  T.  M . 
I  standard  method  D  2-33,  and  those  on  gravel  in  accord- 
ance with  A.  S.  T.  M.  tentative  method  D  289-2S  T. 
!  The  tests  with  the  Los  Angeles  machine  were  made 
]  according  to  the  procedure  used  by  California  with  the 
|  exception  that  the  abrasive  charge  consisted  of  twelve 
jl%-inch  cast-iron  balls  weighing  5,000  ±5  grams.     To 
{ determine  the  effects  of  shape  and  angularity  of  particles 
on  the  test  results,   tests  were  made  on  commercial 
crushed  rock  and  hand-broken  rock  of  cubical  shape  with 
tsharp  edges  and  corners,  and  also  on  both  rounded  and 
angular  particles  of  gravel  and  rock. 

In  preparing  the  test  specimens  for  the  Los  Angeles 
test,  the  samples  of  gravel,  slag,  and  rock  were  separated 
into  the  various  screen  sizes  and  recombined  as  shown  in 
table  2. 

Table  2. — Gradation  of  Los  Angeles  abrasion  lest  samples 
(grading  A) 

[Screens  with  round  openings] 


Passing 

Retained 
on— 

Weight 

Inches 

m- 

m 

i 

Inches 

IK 

1... 

Grams 
1,000 
1,000 
1,000 
2,000 

%  - 

X- 

y2 

Total  ..  

5,000 

The  results  of  the  standard  Deval  and  the  Los  Angeles 
brasion  tests  using  grading  A  are  given  in  table  3. 
'ost  of  the  test  values  given  are  averages  of  three  or 

ore  tests.  These  values  have  also  been  plotted  in 
gure  2  together  with  curves  showing  the  average 
elation  between  the  standard  and  modified  Deval 
ists  :md  the  results  in  the  Los  Angeles  machine.  The 
umber   of   points   which   depart    from    the    average 


0  10  20  30  40  50  SO  70  80 

PERCENTAGE  OF  WEAR -LOS  ANGELES  TEST 

♦    GRAVEL,       a -TRAP.         o-UMESTONE-DOLOMITE.        x- QUARTZITE, 
v    MARBLE,         »-  GRANITE. 

Figure  2.- — Relation  Between  Results  of  Tests  in  Deval 
and  Los  Angeles   Machines. 

curves  demonstrates  that  the  relations  are  only  very 
general  and  do  not  apply  to  all  types  of  materials  nor 
to  all  samples  of  a  given  type.  This  is  due  mainly 
to  the  marked  difference  in  the  amount  of  impact 
produced  in  the  two  tests.  Although  both  tests  in- 
volve both  surface  wear  and  impact,  the  loss  in  the 
Deval  test  is  mainly  from  surface  wear,  while  that  for 
the  Los  Angeles  test  is  primarily  caused  by  impact. 
Marble,  for  example,  has  about  the  same  wear  in  the 
Deval  test  as  limestone  or  dolomite,  but  in  the  Los 
Angeles  test  marble  shows  a  much  higher  loss  than  the 
tougher  rocks. 

Figure  2  is  presented  with  the  knowledge  that  no 
definite  relation  between  the  losses  in  the  Deval  and 
Los  Angeles  tests  that  will  apply  to  all  materials  can 
lie  established.  However,  the  figure  will  serve  to  show 
the  approximate  change  in  specification  requirements  if 
the  Deval  test  is  replaced  by  the  Los  Angeles  test. 
For  instance,  it  will  be  observed  that,  for  an  average 
loss  of  50  percent  in  the  Los  Angeles  test,  the  average 
Deval  abrasion  loss  is  about  7  percent  for  rock  and  15 
percent  for  gravel.  This  happens  to  be  approximately 
the  same  ratio  (1:2)  that  is  used  in  most  specifications 
with  the  idea  of  obtaining  materials  of  comparable 
quality. 

More  concordant  results  are  obtained  in  tests  of 
gravel  and  crushed  rock  or  slag  in  the  Los  Angeles 
machine  than  in  tests  by  standard  methods  using  the 
Deval  abrasion  machine.  Test  results  in  the  Los  Angeles 
abrasion  machine  show  a  mean  variation  from  the 
average  of  2.7  percent,  while  those  in  the  Deval  ma- 
chine show  a  mean  variation  of  3.9  percent.  The 
difference  is  not  great  but  it  is  worthy  of  notice.  It  was 
observed  that  the  speed  of  operation  of  the  Los  Angeles 
abrasion  machine  had  a  great  effect  on  the  loss  during 
the  test  and  it  was  found  advisable  to  equip  the  motor 
with  a  speed  control.  Each  test  run  was  timed  to  insure 
that  a  constant  speed  of  rotation  had  been  used. 

EFFECT  OF  SHAPE  AND  ANGULARITY  OF  PARTICLE  STUDIED 

In  its  report  on  the  Los  Angeles  abrasion  machine 
the  California  Division  of  Highways  stated  that  the 
test  results  are  not  appreciably  affected  by  the  shape 
or  angularity  of  the  particles.  The  results  obtained  in 
the  tests  reported  here  are  not  entirely  in  agreement 
with  the  above  statement.  To  investigate  this  feature 
samples  of  Cheat  River,  Potomac  River,  and  Delaware 
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Table  ;:i.      Percentage   of   wear   and   toughness   as   determined  by 
abrasion  and  toughness  tests 


Locution 

Kind  of  material 

Wear  by— 

Sam 
pie 

Deval 
test 

Per- 

Ct  nl 

7.8 

2.0 

3.8 

14.8 

3  15.1 

5.8 

2.5 

2.6 

3.5 

1.5 

5.9 

«  1.1 

11.8 

'  10.0 

Los  Angeles  test 
(500  revolu- 
tions) 

Tough- 
ness 

Gravel, 
crushed 

rock, 

slag 

Per- 

ceitt 
34.8 
18.4 
29.2 
46.7 
49.8 
37.0 
27.7 
25.6 
30.5 
13.5 
28.4 
10.4 
36.9 

«  47.  5 

'59.3 
9.7 

6  30.3 

'35.3 
43.0 
17.6 
42.9 
98.5 
39.  3 
49.  2 
27.3 
58.3 
50.4 
72.  2 
74.4 
45.5 
39.  2 
35.6 
45.1 
53.  7 
67.  1 
43.  s 
42.1 
23.4 
22.0 
37.3 
■_'l    1 
33.2 
21.5 
62.  8 
20.8 
6  29.3 
'34.6 
46.8 

Hand- 
broken 
rock 

Per- 
cent 

33262 

Pennsylvania 

Maryland 

West  Virginia 

Ohio 

Slag  > 

33263 

15.9 
24.2 

16 

3326 1 

6 

33205 

Slag  2                         

332116 
33269 

New  Jersey 

Ohio 

30.7 
21.9 
19.6 

26.4 
8.3 
26.1 

5 

33270 

South  Carolina., 
onsin..     ... 
IS 

New  Jersey 

12 

33271 

12 

33272 

33273 
33274 

Argillaceous  limestone.. 

Diabase 

Dolomite.    .   

0 

20 
6 

33275 
33276 

Washington 

Ohio 

West  Virginia. .. 

.-..do 

Minnesota. 

District    of    Co- 
lumbia, 
do 

Slag  ■> 

33278 

3  1278 

do 

1.8 
•8.4 

8  17.5 

14.4 

<  7.5 

12.8 

23.0 

•13.8 

8.2 

«  7.2 

0.2 

5.4 

12.8 

12.0 

7.2 

5.0 

6.7 

•  13.7 
<  18.  6 

4.8 
i  13.0 

<7.  6 
4.0 
4.5 
8.6 
3.7 

<5.3 
3.9 
8.2 
3.9 

'  5.5 
l  15.2 

*  17.9 

7.0 

32 

33992 

34 

Gravel... 

....do 

Limestone 

1  111  Mil 

Argillaceous  limestone.. 
Dolomite 

3 

34542 
34543 
3454  1 

....do 

do     -     

Ohio 

4 
2 

34545 

.      do 

.   -  do.     

do 

3  457 1 

Dolomite.   ... 

4 

34572 

34671 

Marble.    

3 

34672 
34673 

31671 

do 

do 

..  do 

do. 

do.. 

do 

4 
3 
3 

34675 
34676 

do.. 

do 

Dolomitic  marble.  

...  do       . 

3 

Florida 

347(10 

Gravel .. 

do 

Micaceous  granite . 

3170! 

Maryland 

Georgia 

34701 

34743 

3471  1 

New  York..-   .. 

West  Virginia, .. 

Ohio 

do 

do 

Illinois 

....do.. 

Argillaceous  limestone. - 

31715 

31717 

34722 

Dolomite 

Argillaceous  dolomite, . . 

34723 

31721 

31732 

Dolomite .  .- 

Limestone     

31733 

Ohio...-     . 

34734 

....do 

Pennsylvania 

...  do  _. 

Argillaceous  dolomite 

Gravel ...        

do... 

34749 

34750 

34756 

Massachusetts 

do 

Table  4.- — Percentages  of  wear  on  rounded  and  angular  gravel 
tested  in  the  Los  Angeles  machine  ' 


1  Weight  per  cubic  foot,  80.7  pounds. 

2  Weight  per  cubic  foot,  72.2  pounds. 

3  Grading  B,  rounded   particles  only.    (See  A.   S.   T.  M.   Tentative  Method 
D289-28T.) 

<  Grading  A,  rounded  particles  only. 

5  Weight  per  cubic  foot,  77.0  pounds. 

6  Rounded  particles  only. 
'  Angular  particles  only. 

8  Grading  A,  angular  particles  only. 

River  gravels  were  carefully  hand-picked,  and  the 
rounded  and  angular  particles  were  separated.  Tests 
were  made  in  the  Los  Angeles  abrasion  machine  with 
both  kinds  of  particles,  and  the  results  obtained  are 
given  in  table  4. 

In  the  preparation  of  the  Cheat  River  and  Delaware 
River  gravels  for  use  as  concrete  aggregate  the  oversize 
material  was  crushed.  It  is  quite  possible  that  the 
majority  of  tbe  angular  particles  used  in  the  tests  came 
from  this  oversize  material.  Visual  inspection,  however, 
failed  to  show  any  marked  difference  in  quality  between 
the  rounded  and  angular  fragments.  The  Potomac  River 
gravel  sample  did  not  contain  crushed  material.  Tbe 
angular  particles  obtained  from  this  material  were 
distributed  throughout  the  entire  range  of  sizes,  and 
had  the  same  petrographic  analysis  as  the  rounded 
particles.  The  test  results  for  these  three  gravels 
indicate  tbat  angular  particles  will  give  a  somewbat 
higher  loss  than  rounded  particles  of  the  same  quality. 


Material 

Weai 

on- 

Loss  of 
angular 

Sam- 
ple no. 

Rounded 
particles 

Angular 
particles 

particles 
expressed 

as  a  per- 
centage of 
loss  of 

rounded 

particles 

33278 

Cheat  River  gravel 

Percent 
47.5 
30.3 
29.3 

Percent 
59.3 
35.3 

34.6 

125 

33992 

117 

34749 

/Delaware  River  gravel 

118 

34750 

1  Each  value  is  the  average  of  at  least  3  tests. 

Results  of  tests  on  hand-broken  and  crushed  rock 
sliown  in  figure  3  also  demonstrate  that  the  shape  of 
the  particle  exerts  a  considerable  influence  on  the  test 
result,  and  show  that  the  partially  wedge-shaped 
fragment  of  crushed  rock  has  a  loss  of  approximately 
120  percent  of  that  for  the  hand-broken  fragments  of 
cubical  shape.  In  the  tests  of  the  three  gravels,  the 
rounded  samples  contained  a  greater  proportion  of 
particles  that  tended  toward  being  spherical  and  offered 
more  resistance  to  impact  than  the  samples  containing 
angular  particles.  It  is  reasonable  to  apply  the 
findings  from  the  crushed-rock  and  hand-broken-rock 
tests  to  these  tests  of  gravel  due  to  the  difference 
between  the  shape  of  the  particles  of  rounded  and 
angular  gravel.  On  this  basis,  a  sample  of  angular 
gravel  would  be  expected  to  give  a  loss  of  approximately 
120  percent  of  tbat  found  for  a  sample  of  rounded 
gravel  of  the  same  quality.  It  will  be  observed  that 
approximately  this  same  ratio  was  obtained  in  the  tests 
of  the  three  samples  of  gravel  (see  table  4). 

Further  tests  to  determine  the  effect  of  shape  and 
angularity  were  made  on  samples  of  angular  and 
artifically  rounded  rock.  One  large  sample  of  crushed 
rock  and  two  samples  of  band-broken  rock  were  ob- 
tained, and  a  portion  of  each  was  run  in  the  Deval 
abrasion  machine  until  the  sharp  edges  and  corners 
had  been  worn  off.  Two  test  samples  were  then  pre- 
pared from  each  material;  one  sample  contained  frag- 
ments with  sharp  edges  and  corners;  and  the  other  was 
composed  of  rounded  fragments.  Each  sample  was 
tested  in  the  Los  Angeles  machine  and  the  results 
obtained  are  shown  in  table  5. 

The  angular  rock  shows  a  slightly  higher  loss  than 
the  rounded  rock,  but  in  no  instance  is  the  increase  in 
wear  similar  to  that  found  in  the  tests  of  gravel  or 
crushed  and  hand-broken  rock.  It  is  apparent  that 
while  the  sharpness  of  edge  and  corner  may  have  some 
influence  on  the  loss  in  the  Los  Angeles  test,  the  shape 
of  the  particle  exerts  a  much  greater  effect  and  for  most 
purposes  the  sharpness  of  edge  and  corner  may  be 
ignored. 

Samples  of  aggregates  that  contain,  large  percentages 
of  flat  or  elongated  fragments  will  show  a  much  higher 
percentage  of  wear  than  materials  of  equal  hardness  in 
which  the  fragments  tend  more  toward  cubical  shape. 
This  difference  between  fragments  of  different  shape 
indicates  that  the  desire  of  highway  engineers  to  limit 
the  percentage  of  flat  and  elongated  particles  in  aggre- 
gates is  justified.  The  relatively  small  effect  of  sharp- 
ness of  edge  and  corner  will  permit  the  use  of  a  singk 
specification  limit  for  crushed  stone  and  for  eithei 
rounded  or  angular  gravel. 
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Figure  3. — Relation  Between  Test  Results  on  Hand- 
Broken  Rock  (Cubical  Shape)  and  Crushed  Rock  (Par- 
tially   Wedge   Shaped)    in   the   Los   Angeles    Machine. 

Table  5. — Percentages  of  ivear  on  rounded  and  angvlar  rock  tested 
in  the  Los  Angeles  machine 


Material 

Wear  on— ' 

Loss  of 
angular 

Sample 
number 

Rounded 
particles 

Angular 
particles 

particles 
expressed 

as  a  per- 
centage of 
loss  of 

rounded 

particles 

34549 

Percent 
31.4 
62.8 
22.4 

Percent     1 

33.4                   106 

34631 

Hand-broken  sandstone - 

64.4  |                 103 

23.9 

1  Each  value  is  the  average  of  3  tests. 

COMPARISON  OF  LOSSES  AT   100  AND  500  REVOLUTIONS   WILL 
INDICATE  PRESENCE  OF  SOFT  ROCK 

The  method  of  test  used  by  California  requires  the 
determination  of  the  percentage  of  wear  after  both  100 
and  500  revolutions  of  the  Los  Angeles  abrasion  ma- 
chine. The  determination  after  100  revolutions  is 
expected  to  be  useful  in  determining  if  soft  particles  are 
present  in  the  material.  In  this  connection  it  was 
desired  to  determine  if  a  sample  of  uniform  composition 
shows  a  straight-line  relation  between  loss  and  number 
of  revolutions.  Table  1  shows  the  results  of  preliminary 
tests  made  with  cast-iron  balls.  Figure  4  presents  the 
relation  between  the  length  of  test  and  the  percentage 
of  loss.  It  will  be  seen  that  for  materials  1  and  2  the 
percentage  of  loss  varies  directly  with  the  number  of 
revolutions.  Material  3,  however,  is  of  nonuniform 
hardness  since  the  percentage  of  loss  at  100  revolutions 
is  proportionately  greater  than  that  at  500  revolutions. 

Results  of  tests  to  determine  the  effect  of  known 
amounts  of  soft  rock  in  the  sample  are  shown  in  table  6 
and  figures  5  and  6.  A  hard  limestone  of  uniform  com- 
position was  used  as  the  base  material,  and  soft  rock  of 
varying  amounts  and  sizes  was  added  to  it  to  determine 
the  effect  on  percentage  of  wear. 

In  the  first  series  of  tests  the  amount  of  soft  rock  in 
each  sample  was  held  constant  at  10  percent  of  the  total 
weight  of  the  sample  while  the  size  of  the  fragments  of 
sofc  rock  was  varied.  Tests  were  made  with  the  soft 
rock  contained  entirely  in  each  separate  size  and  also 


hundreds  of  revolutions 

Figure  4.- — Relation  Between  Length  of  Test  and  Per- 
centage of  Wear,  Showing  Effect  of  Soft  Particles  in 
Material. 

with  the  soft  rock  distributed  in  size  from  \%  to  %  inch 
in  the  same  proportions  as  is  specified  for  the  total 
sample.  Determinations  of  the  percentage  of  wear 
were  made  at  100  and  500  revolutions.  As  shown  in 
figure  5,  the  loss  at  100  revolutions  is  affected  slightly 
by  the  size  of  the  soft  rock  fragments,  the  loss  increasing 

Table  6. — -Percentages  of  wear  for  different  sizes  and  amounts  of 
hard  and  soft  rock 

first  series 


Composition  of 
sample 

Classification  of  soft  rock 

Wear  at— 

Hard 
rock 

Soft 
rock 

Type 

Size 

100  revo- 
lutions 

500  revo- 
lutions 

Percent 
90 
90 
90 

Percent 
10 
10 
10 
10 
10 

10 
10 
10 
10 
10 

do 

do                                   

Inches 

i'  ..-l'.; 

1       -    34 
l.'j-    \ 2 

l'j-Ui 
1'4'-1 
1    -H 

%-    !  i 

i>2-  yi 

Percent 
11.2 
12.  1 
13.3 

13.9 
13.0 

10.1 
10.9 
11.3 
13.1 
11.4 

Percent 
40.3 
40.2 
40.2 

90 

do                        

40.  1 

90 
90 

do 

39.9 
39.1 

90 

do                      .  

3S.9 

90 

do                     

39.0 

90 

do                     .     .--.     

38.8 

90 

do  -             

39.4 

SECOND    SERIES 


00 

0 

95 

5 

90 

10 

Ml 

20 

0 

100 

95 

5 

90 

10 

80 

20 

0 

100 

95 

5 

'.in 

10 

R0 

20 

0 

100 

None 

Dolomite, 
do.-. 


....do. 
....do. 


Sandstone. 
.do 


.do. 
.do. 


Limestone. 
do 


.do. 
.do. 


\>A- 


8.0 
10.  7 
13.0 
18.0 
44.0 

9.5 
11.4 
14.6 
33.  6 

8.0 
8.6 
9.0 
12.3 


35.  7 
37.  2 
39.9 
45.0 

'.IS.  5 

39.  4 

45.  o 
94.7 

35.4 
37.  0 
38.9 
55.4 
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SIZE    OF  SOFT   ROCK—  INCHES 
Figure  5. — Effect  of  Size  of  Soft  Rock  Fragments;  Each  Sample  Contained  10  Percent   (by   Weight)  of  Soft  Rock. 


with  reduction  in  size.  At  500  revolutions,  however, 
the  size  of  the  soft  fragments  has  no  apparent  effect  on 
the  percentage  of  wear. 

In  tlic  second  series  of  tests  the  soft  rock  was  distrib- 
uted in  all  sizes  of  each  sample  in  proportion  to  the 
amount  of  each  size  in  the  total  sample.  Soft  rock 
amounting  to  5,  10,  and  20  percent  of  the  total  weight 
of  the  sample  was  used.  The  results  are  shown  in 
figure  6.  Tests  were  also  made  on  samples  composed 
entirely  of  hard  or  soft  rock.  The  hard-rock  sample 
gave  a  practically  straight-line  relation  between  per- 
centage of  wear  and  number  of  revolutions.  With  the 
addition  of  soft  rock,  the  loss  at  100  revolutions  was 
more  than  one-fifth  of  the  loss  at  500  revolutions,  and 
the  curve  assumed  a  characteristic  hump  denoting  a 
material  of  nonuniform  hardness.  It  is  of  interest  to 
note  that  the  actual  loss  under  test  of  a  mixture  of 
hard  and  soft  rock  agrees  fairly  well  with  a  weighted 
loss  computed  from  the  percentages  of  wear  for  the 
separate  materials. 

It  does  not  appear  possible  to  determine  the  per- 
centage of  soft  rock  in  a  test  sample  entirely  by  in- 
spection of  the  results  of  the  100-  and  500-revolution 
tests.  Figure  6  shows  that  the  difference  in  slope  of 
the  lines  from  zero  to  the  100-revolution  point,  and 
between  the  100-  and  500-revolution  points,  may  be 
used  to  indicate  the  relative  effect  of  soft  rock  in  the 
test  sample.  This  difference  in  slope  increases  with 
increase   in    the    amount   of   soft    rock    present.     It   is 


possible  to  determine  if  the  sample  under  test  contains 
soft  rock,  but  whether  the  adulterating  material  con- 
sists of  a  small  amount  of  very  soft  rock  or  a  large 
amount  of  moderately  soft  rock  cannot  be  determined 
by  the  present  method  of  test.  The  test  results  give 
a  general  indication  of  the  uniformity  of  the  sample 
and  in  certain  cases  this  may  be  of  considerable  inter- 
est. It  is  possible  that  some  difference  may  be  found 
by  determinations  of  the  loss  at  some  point  of  the  test 
other  than  at  100  and  500  revolutions,  or  that  a  com- 
plete mechanical  analysis  of  the  sample  after  testing 
will  show  the  character  of  the  adulterating  material 
more  clearly. 

COMPARISON  OF  TEST  RESULTS  WITH  SERVICE  RECORDS  SHOWS 
ADVANTAGES  OF  LOS  ANGELES  TEST  METHOD 

During  the  winter  of  1933  a  number  of  research 
organizations  studied  the  problem  of  devising  a  satis- 
factory method  of  determining  the  quality  of  crushed 
material  proposed  for  use  in  road  surfacing.  Reports 
from  a  number  of  different  sources  stated  that  the 
results  of  the  Deval  abrasion  test  bore  no  relation  to 
the  service  record  of  materials  used  in  surface  treat- 
ment or  other  types  of  low-cost  road  construction. 
The  extensive  use  of  these  types  of  construction  neces- 
sitated the  development  of  a  test  that  would  indicate 
the  suitability  of  materials  for  use  in  this  work.  One 
proposed  test  was  to  determine  the  resistance  of 
crushed  and  graded  material  to  the  crushing  action  of 
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-Relation  Between  Length   of  Test  and   Percentage  of   Wear,   Showing   Effect  of  Varying  Amounts  of 

Soft  Rock. 


a  heavy  roller  in  passing  over  a  thin  layer  of  the  mate- 
rial.8 Although  excellent  results  were  obtained  by  the 
roller  test,  the  labor  and  time  required  rendered  it 
unsuitable  as  an  acceptance  test  and  it  was  suggested 
that  possibly  the  less-involved  Los  Angeles  abrasion 
test  could  be  used  to  derive  information  of  equal  value. 

It  was  realized  that  in  order  to  cover  the  range  in 
size  of  materials  used  in  surface-treatment  work  provi- 
sion should  be  made  for  testing  aggregate  having  a 
maximum  size  of  about  %  inch.  In  other  types  of  low- 
cost  road  improvement  the  aggregate  has  a  maximum 
size  of  about  1%  inches,  and  it  was  decided  to  test 
samples  having  gradings  suitable  for  each  of  these 
classes  of  work.  In  preparing  these  samples,  sieves 
were  used  rather  than  screens  since  it  is  the  general 
practice  to  use  square  openings  in  the  analysis  of  this 
class  of  materials. 

After  considerable  experimenting,  two  gradings  for 
the  Los  Angeles  abrasion  test  were  adopted  that  were 
believed  to  be  suitable  for  testing  practically  any  size 
of  material  used  in  bituminous  or  concrete  pavements. 
It  was  found  that  if  the  amount  of  abrasive  charge  for 
the  smaller  grading  was  made  slightly  less  than  that 
for  the  larger  grading,  the  loss  for  both  gradings  would 
be  approximately  the  same.  This  permits  the  estab- 
lishment^  of  a  single  specification  limit  for  a  material 
irrespective  of  the  grading  used  in  the  test.    The  grad- 

8  A  simple  and  inexpensive  machine  for  this  test  is  described  in  a  summary  of 
research  activities  by  State  highway  departments  in  Rock  Products,  vol.  34,  no.  2, 
pp.  51-57,  Jan.  17,  1931.  A  more  elaborate  apparatus  is  described  in  A  Laboratory 
Service  Test  for  Pavement  Materials,  by  A.  T.  Goldbeck,  J.  E.  Gray,  and  L.  L.  Lud- 
low, Proceedings  of  American  Society  for  Testing  Materials,  vol.  34,  Part  IT,  1934. 


Table  7. — Composition  of  sample  for  Los   Angeles  abrasion  test 
grading  of  material 


Size  of  srmare  opening 

Grading  B 

Grad 

ing  D 

Grams 
1,250 
1,250 
1,250 
1,250 

Grams 

0 

2,500 

1  >  to  %  inch _  _  _  .  

2,500 

Total 

5,000 

5,000 

ABRASIVE  CHARGE 

Number  of  1%-inch  balls.. 

Total  weight,  grams 


12 
5, 000±5 


11 
4, 583±5 


ings  and  abrasive  charges  finally  adopted  are  given  in 
table  7. 

Some  concern  was  expressed  as  to  the  possibility  that 
with  the  change  from  the  previously  used  grading  A 
(round  openings)  to  gradings  B  and  D,  the  relations 
established  for  grading  A  could  not  be  applied  to  the 
other  gradings.  However,  it  was  found  that  the  losses 
for  grading  B  were  so  nearly  the  same  as  those  for  grad- 
ing A  that  for  all  practical  purposes  the  established  data 
could  be  applied  to  test  results  for  grading  B. 

In  order  to  obtain  definite  information  regarding  the 
significance  of  the  Los  Angeles  abrasion  test  in  terms  of 
service  behavior,  samples  of  crushed  rock,  gravel,  and 
slag  that  had  been  used  in  surface-treatment  of  roads 
were  obtained  from  a  number  of  State  highway  depart- 
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ments.  Tests  of  these  materials  were  made  in  the  Los 
Angeles  abrasion  machine  using  gradings  A,  or  when 
possible  using  gradings  B  and  D.  In  the  majority  of 
instances,  at  least  three  tests  were  made  with  each 
grading.  The  results  of  these  tests  are  shown  in  table 
8.  In  figure  7  a  very  close  agreement  is  shown  between 
the  average  results  of  the  Los  Angeles  abrasion  test  and 
the  service  records  of  the  materials.  With  the  excep- 
tion of  one  sample,  all  materials  that  were  found  to  be 
of  satisfactory  quality  in  service  show  losses  in  the  Los 
Angeles  abrasion  test  of  40  percent  or  less.  Materials 
of  questionable  suitability  show  losses  between  40  and 
50  percent,  and,  with  one  exception,  materials  that  had 
been  found  to  be  unsuitable  for  use  had  losses  of  over 
50  percent. 

No  relation  was  found  between  the  service  record  and 
the  loss  in  the  Deval  abrasion  test.  Of  10  samples  of 
rock  reported  as  questionable  or  unsatisfactory,  8  had 
percentages  of  wear  of  6  or  less  and  would  be  considered 
suitable  for  use  under  many  present  specifications. 
The  one  sample  of  gravel  that  was  reported  as  ques- 
tionable had  a  Deval  loss  of  12.4  percent  and  would 
also  probably  be  accepted  for  use  on  the  basis  of  present 


standard  methods  of  testing  coarse  aggregates.  The 
great  difference  in  the  suitability  of  the  Los  Angeles  and 
Deval  tests  in  showing  clearly  the  quality  of  coarse 
aggregate  is  well  illustrated  in  figure  7.  As  an  example, 
samples  40279  and  40281  had  almost  the  same  per- 
centage of  wear  in  the  Deval  test  but  in  the  Los  Angeles 
test  the  latter  material  had  over  twice  the  loss  of  the 
former. 

These  comparisons  between  losses  in  the  Los  Angeles 
abrasion  test  and  service  records  were  made  on  ma- 
terials from  44  different  sources.  It  is  believed  that 
the  remarkable  concordance  of  the  results  justifies  the 
tentative  establishment  of  a  loss  in  the  Los  Angeles 
abrasion  test  of  40  percent  as  an  acceptable  limit  for 
material  that  will  prove  satisfactory  for  use  in  surface- 
treatment  work. 

The  tested  samples  of  both  gradings  B  and  D  had 
nearly  equal  percentages  of  wear.  As  shown  in  figure  8, 
in  only  five  samples  does  the  loss  for  one  grading  differ 
by  more  than  3  percent  from  that  for  the  other.  For 
3  of  these  5  samples,  the  loss  for  grading  D  is  the  greater, 
and  it  is  believed  that  in  the  crushing  operations  the 
softer  rock  was  reduced  in  size  to  a  greater  extent  than 
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Table  8. — Comparison  of  Los  Angeles  and  Deval  abrasion  test 
results  with  service  behavior  of  materials 


Sam- 
ple 


iiiiiii 
(0280 

40279 
40125 

40276 

41 1  ITS 

40084 
10108 

4111111 
40149 

40059 
10231 

10086 
4011)7 
40109 
10138 
40182 

10277 

43120 
40067 
40271 
40180 
40111 
40136 
40229 

40137 
40147 
40275 
40106 
40112 

40098 
40194 

40085 
40278 
40281 
40114 
40057 
40146 
40130 
40164 
40126 
40056 
40145 
40144 


Location 


Wisconsin. 

Virginia 


_...do. 
Ohio... 


Virginia 

New  York 


< leorgia 

\\  isconsin  .  - 
Pennsj  lvania. 
Tennessee 


Georgia 

New  York.. 


Alabama 
\\  ieconsm  - 

lo 
I 
New  York 


Virginia 


Illinois 

Georgia 

Virginia 
Michigan 
u  i  sconsin 

Tennessee 

New  York... 


Tennesee 

South  Carolina 

Virginia 

Wisconsin 

do. 


Oklahoma 

New  York 

Georgia 

North  Carolina 

Virginia 

Maryland 

Georgia 

South  Carolina 

Tennessee 

Michigan 

Ohio 

Georgia. 

South  Carolina 
do 


Kind  of  material 


Altered  basalt 

Argillaceous  dolo- 
mite. 

Aplitic  granite. .. 

Argillaceous  lime- 
stone. 

Amphibolite 

Argillaceous  lime- 
stone 

Dolomite 
■  I.. 


Quart?  lie 
Argillaceous  lime- 
stone. 
Limestone  .   ...  . 
Argillaceous  lime- 
stone. 



Gravel 

Dolomite ...  . 

Limestone   

Crystalline  argilla- 
ceous limestone, 
iceous  lime- 
stone. 

Dolomite 

Slag    

Granite.    

Limestone 

Dolomite 

lone 

Argillaceous  lime- 
stone 

Gravel  

i  ii unite 

.    .do 

in  ivel  

Argillaceous  lime- 
stone. 

i  limestone. 

Biotite  gneiss 

Dolomitic  marble- 
Granite 

do 
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the  harder  rock.  This  would  account  for  the  greater 
loss  of  the  finer  grading.  The  other  two  samples,  a 
biotite  gneiss  and  an  argillaceous  limestone,  contained 
an  appreciable  percentage  of  flat  fragments.  The 
excessive  loss  for  grading  B  is  attributed  to  these  flat 
fragments  that  are  found  to  a  greater  extent  in  the 
larger  sizes  of  the  sample.  For  all  samples  tested,  the 
average  difference  between  the  losses  for  gradings  B 
and  p  is  only  1.9  percent.  It  is  believed  that  either 
grading  may  be  used  in  acceptance  or  control  tests  of 
coarse  aggregates. 

CONCLUSIONS 

The  results  of  this  investigation  demonstrate  that 
the  Los  Angeles  abrasion  machine  is  superior  to  the 
present  standard  Deval  machine  in  the  following 
respects: 

1.  Los  Angeles  abrasion  tests  can  be  made  much 
more  rapidly  and  are  more  accurate  than  Deval 
abrasion  tests. 

2.  Both  round  and  angular  particles  may  be  tested 
with  very  little  difference  in  percentage  of  wear  due 
to  the  degree  of  angularity. 
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3.  The  Los  Angeles  abrasion  test  result  is  greatly 
affected  by  the  shape  of  the  particles.  Thus  the 
presence  of  flat  or  elongated  fragments  in  a  sample 
increases  the  loss  in  the  Los  Angeles  test,  while,  in  the 
Deval  test  these  possibly  objectionable  particles  might 
li.i\  e  little  effect  on  the  percentage  of  wear. 

4.  The  presence  of  soft  or  friable  rock  can  be  de- 
tected with  the  Los  Angeles  test  but  not  with  the 
Deval  abrasion  test. 

5.  A  definite  relation  seems  to  exist  between  the 
loss  in  the  Los  Angeles  abrasion  test  and  the  service 
record  of  materials  used  in  surface  treatment  of  roads. 
Based  on  the  results  available  to  date,  materials  having 
a  loss  in  the  Los  Angeles  abrasion  test  of  40  percent  or 
less  may  be  expected  to  furnish  satisfactory  results 
when  used  in  surface  treatments. 

6.  Differences  in  the  volume  of  different  test  samples 
due  to  differences  in  specific  gravity  need  not  be  con- 
sidered due  to  the  relatively  large  capacity  of  the  Los 
Angeles  abrasion  machine. 

7.  Dust  produced  in  the  test  does  not  affect  the 
result  as  it  does  in  the  Deval  test. 

8.  The  Los  Angeles  test  is  made  on  material  as  pre- 
pared for  use  on  the  project,  while  the  Deval  test  for 
rock  requires  the  use  of  ledge  rock  that  may  not  repre- 
sent the  material  actually  used.  The  two  gradings, 
B  and  D,  proposed  for  use  in  the  Los  Angeles  abrasion 
test,  furnish  practically  the  same  result,  and  specifica- 
tion tests  may  be  made  using  the  grading  which  can 
most  readily  be  prepared  from  the  material  submitted 
for  test. 

9.  The  effect  of  personal  equation  in  the  preparation 
of  the  test  sample  is  largely  eliminated  in  the  Los 
Angeles  test  method. 

A  disadvantage  of  the  Los  Angeles  test  is  that  no 
provision  is  made  for  testing  ledge  rock  taken  from 
undeveloped  quarries.  However,  as  shown  in  figure  3, 
a  fairly  definite  relation  exists  between  samples  of 
crushed  and  hand-broken  rock,  and  tests  could  be 
made  on  the  ledge  rock  provided  the  result  is  corrected 
to  agree  with  those  for  the  crushed  material. 
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A  ROLLER-TESTING  MACHINE  FOR 

MEASURING  THE  STABILITY  OF 

BITUMINOUS  MIXTURES 

BY  THE  DIVISION  OF  TESTS,  U.  S.  BUREAU  OF  PUBLIC  ROADS 

Reported  by  E.  L.  TARWATER,  Assistant  Highway  Engineer 


DURING  recent  years  numerous  laboratory  studies 
have  been  made  of  hot  asphaltic  paving  mixtures 
of  both  the  fine-  and  coarse-graded  types.  These 
studies  have  been  directed  primarily  towards  the  de- 
velopment of  laboratory  tests  for  predetermining  the 
actual  road  behavior  of  various  combinations  of  mineral 
aggregates  and  asphaltic  materials.  The  studies  have 
been  carried  on  by  various  organizations,  using  different 
kinds  of  apparatus  and  methods  of  testing.  As  a 
result  there  are  now  in  use  several  types  of  tests 
that  appear  to  be  of  value  in  the  study  and  design  of 
bituminous  mixtures.  All  of  these  tests  are  designed 
to  measure  the  probable  stability  or  resistance  to  dis- 
placement under  traffic,  and  a  majority  of  them  involve 
the  measurement  of  resistance  to  shearing  stresses. 
Two  of  the  better-known  tests  are  the  Hubbard-Field 
and  the  Skidmore  tests.1 

In  the  Hubbard-Field  test  a  compressed  specimen  2 
inches  in  diameter  and  1  inch  deep  is  forced  through  a 
1%-inch  circular  opening.  The  load  in  pounds  required 
to  do  this  is  designated  as  the  stability  of  the  specimen. 
Specimens  are  normally  tested  at  a  temperature  of 
60°  C.  This  test  is  used  in  the  study  and  design  of 
mixtures  of  the  sheet  asphalt  type.  The  Hubbard- 
Field  testing  machine  is  illustrated  in  figure  1 . 

The  Skidmore  test  is  used  for  both  the  fine-  and 
coarse-graded  types  of  mixtures,  and  the  stability  is 
designated  as  the  load  in  pounds  required  to  shear  off 
the  free  section  of  a  cylindrical  test  specimen,  part  of 
which  is  held  in  a  frame  or  mold.  This  test  is  made  by 
applying  the  load  in  successive  increments.  Specimens 
are  tested  at  a  temperature  of  60°  C.  Mixtures  con- 
taining both  fine  and  coarse  aggregate  are  tested  in 
this  manner,  the  sizes  of  the  test  specimens  and  testing 
apparatus  being  increased  for  the  coarse-aggregate 
mixtures. 

Another  form  of  shear  test  is  the  extrusion  test 
developed  by  the  Bureau.2  In  this  test  specimens 
2%  inches  by  8  inches  by  6  inches  deep  are  formed  with 
a  power  tamping  device  and,  after  being  brought  to  a 
temperature  of  60°  C,  are  placed  in  a  testing  mold. 
A  uniformly  distributed  load  is  applied  to  the  top  of  the 
specimen,  causing  the  mixture  to  extrude  through  open- 
ings in  the  bottom  and  ends  of  the  mold.  Stability  is 
designated  as  the  maximum  load  in  pounds  supported 
by  the  specimen. 

The  results  of  this  test  are  influenced  by  slight 
variations  in  the  composition  of  mixtures,  and  the  test 
was  thought  to  be  well  adapted  to  the  study  of  resistance 
to  displacement.  However,  in  testing  mixtures  con- 
taining appreciable  amounts  of  aggregate  larger  than 
}i  inch,  erratic  results  were  obtained  and  were  attributed 
to  the  arching  action  of  the  coarser  particles.     It  seemed 

1  Circular  no.  34  of  the  Asphalt  Association. 

2  Emmons  and  Anderton,  A  Stability  Test  for  Bituminous  Paving  Mixtures 
A.  S.  T.  M.  Proc,  vol.  25,  part  2,  p.  346. 
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impossible  to  eliminate  this  difficulty  without  increasing 
the  size  of  the  specimen  to  unwieldy  proportions.  It 
was  realized  also  that  the  test  bore  little  relation  to  the 
action  of  traffic,  and  it  was  thought  desirable  to  develop 
a  method  of  testing  that  would  more  closely  simulate 
actual  conditions  of  use. 

ROLLER-STABILITY  MACHINE  DESCRIBED 

With  this  objective,  the  bureau  designed  and  con- 
structed a  machine  in  which  specimens  8  inches  by  4 
inches  by  2}{  inches  deep  were  subjected  to  a  rolling 
load  causing  longitudinal  deformation.3  This  roller 
machine  was  later  rebuilt  to  eliminate  certain  objec- 
tionable features  and  as  rebuilt  was  used  in  the  work 
covered  by  this  report.  The  machine  in  its  present 
form  is  designed  to  subject  the  test  specimen  to  the 
compressive  action  of  smooth  metal  rollers  which  pass 
over  it  slowly  and  without  impact.  The  rollers  move 
in  one  direction  under  controlled  conditions  of  speed, 
load,  and  temperature. 

Figure  2  shows  a  general  view  of  the  testing  machine. 
It  consists  of  a  rigid  base,  A,  carrying  the  driving  motor 
on  one  end  and  a  countershaft  on  the  other.  In  the 
center  of  the  base  there  is  a  pair  of  vertical  guides,  B. 
Eleven  hollow  steel  rollers,  C,  4  inches  in  diameter  and 
3  inches  long,  are  arranged  between  and  at  equal  inter- 
vals along  the  peripheries  of  two  steel  disk  side  plates,  D. 
These  plates  are  rigidly  fastened  to  a  short  horizontal 
shaft  that  rotates  in  bearings  mounted  on  a  frame,  E. 
These  parts  constitute  the  roller  assembly  and  this 
entire  unit  is  free  to  move  vertically  between  the  guides, 
B.  The  roller  assembly  is  driven  by  suitable  gearing 
and  may  be  lifted  at  will  by  means  of  a  power-driven 
elevating  mechanism  at  the  top  of  the  guide  frame. 

The  total  weight  of  the  roller  assembly  is  450  pounds, 
all  of  which  is  normally  imposed  on  the  test  specimen. 
It  is  possible,  however,  to  reduce  the  pressure  on  the 
specimen  by  means  of  a  suspended  counterweight 
attached  to  the  top  of  the  yoke  (E,  fig.  2).  This 
attachment  was  not  on  the  machine  when  the  photo- 
graph was  taken.  The  roller  assembly  moves  at  a 
speed  of  2.1  revolutions  per  minute  during  tests. 

Directly  underneath  the  roller  assembly  is  a  rec- 
tangular steel  tank  or  water  bath,  F,  in  which  the  test 
specimen  is  mounted.  When  the  roller  assembly  is 
rotated  there  is  a  periodic  variation  of  its  effective 
radius  (the  distance  between  the  surface  of  the  test 
specimen  and  the  center  of  the  disks,  D).  When  one 
of  the  rollers  is  directly  below  the  axis  of  rotation  of 
the  disks  this  effective  radius  is  a  maximum  (9.4  inches), 
and  when  the  midpoint  between  two  of  the  rollers  is 
directly  below  this  axis  the  effective  radius  is  a  minimum 
(9.1  inches).     In  the  first  position,  one  roller  rests  in 

3  Researches  on  Bituminous  Paving  Mixtures,  by  W.  J.  Emmons.    Public  Roads, 
vol.  7,  no.  10,  December  1926. 
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he  center  of  the  specimen  and  carries  all  of  the  weight, 
vhile  in  the  second  position  two  rollers  rest  on  the 
specimen  and  each  carries  half  of  the  imposed  weight. 
If  the  tank  containing  the  specimen  were  fixed  in  eleva- 
tion, this  variation  in  the  effective  radius  of  the  roller 
issembly  would  cause  the  entire  mass  of  the  assembly 
-o  be  raised  and  lowered  through  a  distance  of  about 
).3  inch  11  times  per  revolution.  In  the  first  machine 
milt  the  tank  and  specimen  were  in  a  fixed  position, 
md  this  motion  took  place  and  produced  an  undesirable 
mpact  on  the  test  specimen. 

In  the  rebuilt  machine  the  impact  has  been  elimi- 
.ated  by  mounting  the  specimen  bath  on  four  hardened- 
teel  cams  (G,  fig.  2),  shaped  so  that  the  vertical  motion 
xiparted  to  the  specimen  by  the  cams  exactly  compen- 
ates  for  the  changes  in  effective  radius  of  the  roller 
ssembly.  The  cams  are  synchronized  with  the  motion 
"  the  rollers  through  suitable  gears.  The  effectiveness 
the  arrangement  in  preventing  impact  is  evidenced 
the  absence  of  vertical  motion  of  the  roller  assembly. 
The  specimen  is  confined  in  an  adjustable  testing 
told  that  has  one  end  and  the  top  surface  open  as  Ulu- 
lated in  figure  3.  Upward  deformation  at  the  sides 
"  the  specimen  is  prevented  by  a  section  of  angle  iron 
fig.  4),  that  is  clamped  over  the  mold's  edges 
id  extends  ){ inch  over  the  top  of  the  sample  at  either 
de,  leaving  a  3-inch  open  surface  over  which  the  rollers 
lss.  Rotation  of  the  rollers  is  induced  as  they  pass 
er  the  top  surface  of  the  specimen,  tending  to  deform 
longitudinally  through  the  open  end  of  the  mold. 
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Figure  2. — Roller  Stability  Testing  Machine. 

Deformation  is  measured  with  an  Ames  dial  (H,  fia;.  4), 
and  a  counter,  J,  records  the  number  of  roller  passages 
over  the  specimen.  Figure  4  shows  the  specimen  and 
rollers  in  testing  positions. 

LONGITUDINAL  DEFORMATION  A  MEASURE  OF  STABILITY 

The  resistance  of  a  test  specimen  to  longitudinal 
deformation  is  an  indication  of  its  stability.  In  this 
study  stability  was  defined  as  the  number  of  roller 
passages  required  to  produce  a  deformation  of  0.3  inch. 
This  limit  of  deformation  was  adopted  after  a  prelimi- 
nary investigation  showed  that  for  movements  in  excess 
of  0.3  inch  the  relation  between  the  number  of  roller 
passages  and  the  amount  of  deformation  became 
erratic.  Figure  5  shows  the  variations  in  test  results 
for  comparable  test  specimens.  The  curves  represent 
test  results  with  three  different  mixtures  from  each  of 
which  two  specimens  identical  in  composition  and 
density  were  molded.  This  figure  shows  that  test 
results  on  the  comparable  sheet  asphalt  specimens, 
A  and  B,  and  C  and  D,  were  identical  up  to  0.3  inch 
deformation,  and  that  considerable  variation  occurred 
beyond  this  point.  For  the  bituminous  concrete 
specimens,  E  and  F,  very  close  agreement  in  test  results 
was  obtained  up  to  0.3  inch  deformation,  while  beyond 
this  point  an  even  greater  variation  occurred  than  for 
the  sheet-asphalt  specimens. 

The  temperature  of  the  test  specimen  was  held  at 
60°  C  during  the  test.  The  selection  of  this  tempera- 
ture was  based  upon  a  study  made  by  the  Bureau  4 
some  years  ago  in  which  60°  C.  was  the  highest  tempera- 
ture found  within  a  road  surface  under  actual  field 

<  Temperature  as  a  Factor  in  the  Stability  of  Asphaltic  Pavements,  by  W.  J.  Em- 
mons and  B.  A.  Anderton.    Public  Roads,  vol.  7,  no.  2,  April  1926. 
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Figure  3.—  Mold   for   Holding  Specimens   During  Test  in 
the  Roller  Stability   Machine. 


Figure  4. — A  Specimen  in  Place  Ready  for  Testing. 

conditions.  This  temperature  was  recorded  a  number 
of  times,  indicating  that  it  was  not  unusual,  and  it  has 
generally  been  used  in  stability  test  work  by  other 
investigators.  The  stability  values  given  herein  con- 
sequently represent  the  minimum  that  the  mixtures 
may  be  expected  to  possess  under  normal  service 
conditions. 

The  power  tamping  device,  formerly  used  in  forming 
specimens  for  the  extrusion  test  and  for  the  first  roller 
machine,  was  discarded  in  favor  of  a  molding  machine 
in  which  the  specimens  are  compacted  by  a  rolling  load. 
This  machine,  illustrated  in  figure  6,  and  described  in 
Public  Roads,  vol.  10,  no.  2,  April  1929,  more  nearly 
simulates  actual  compaction  on  the  road  and  produces 
specimens  sufficiently  uniform  in  density  and  of  any 
workable  density  desired.  This  machine  was  used  in 
forming  specimens  for  the  roller  stability  tests,  and  also 
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Figure   5.- 


-Relation   of   Number  of  Roller  Passages  to 
Longitudinal  Deformation. 


Figure  6. — The  Upper  Picture  Is  a  General  View  of  the 
Molding  Machine.  The  Lower  Picture  Shows  a  Shi:et- 
Asphalt  Specimen  in  the  Molding  Machine. 

in  forming  specimens  from  which  cores  for  the  Hubbard- 
Field  test  were  taken. 

The  adequacy  of  any  laboratory  test  for  determining 
the  relative  stability  of  paving  mixtures  is  dependent 
upon  its  ability  to  distinguish  between  mixtures  of 
variable  compositions,  whether  laboratory  prepared 
specimens  or  sections  taken  from  pavements  that  have 
shown  different  service  behaviors.  Hubbard  and 
Field  have  demonstrated  that  their  stability  test  is 
quite  sensitive  to  variations  in  consistency  and  quan- 
tity of  asphalt  cement,  kind  and  quantity  of  filler,  and 
character  and  grading  of  the  sand  in  sheet  asphalt  pave- 
ments. They  have  also  shown,5  by  tests  on  cores 
taken  from  pavements  in  use,  that  the  stability  values 
obtained  in  the  laboratory  are  a  measure  of  the  resist- 
ance of  the  surfaces  to  displacement  under  traffic.  The 
test  as  designed  by  them,  or  as  slightly  modified  to 
utilize  available  laboratory  equipment,  is  widely  used 
as  a  method  of  measuring  stability. 

s  Correlation  of  the  Stability  Test  with  the  Behavior  of  Pavements  under  Traffic. 
Proc.  Fifth  Annual  Asphalt  Paving  Conference. 
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TESTS  MADE  ON  SHEET  ASPHALT  AND  ASPHALTIC  CONCRETE 
MIXTURES 

In  order  to  determine  the  value  of  the  roller  stability 
machine,  sheet  asphalt  mixtures  of  variable  composi- 
tion were  tested  for  stability  in  both  the  roller-stability 
and  the  Hubbard-Field  machines.  The  relative  sta- 
bilities of  bituminous-concrete  mixtures  of  variable 
compositions,  both  prepared  in  the  laboratory  and 
taken  from  surfaces  under  traffic,  were  also  determined 
with  the  roller-stability  apparatus. 

In  this  investigation  the  same  kinds  of  materials 
were  used  throughout,  that  is,  one  asphalt  cement,  one 
limestone  filler,  and  one  type  and  grading  of  sand  and 
coarse  aggregate.  The  coarse  aggregate  in  the  bitu- 
minous concrete  mixtures  was  a  relatively  soft  lime- 
stone and  was  used  for  the  purpose  of  determining 
whether  crushing  of  the  aggregate  would  occur  either 
in  molding  or  in  testing  specimens.  Careful  examina- 
tion of  the  specimens  showed  that  little  or  no  crushing 
occurred.  The  Potomac  River  sand  used  was  angular 
to  subangular,  consisting  essentially  of  quartz,  shale, 
and  sandstone,  and  containing  some  grains  of  chert, 
schist,  feldspar,  mica,  and  clay. 

The  characteristics  of  the  various  materials  used 
were  as  follows: 

ASPHALT    CEMENT 

Specific  gravity,  25°/25°  C 1.  043 

Flashpoint,  °C 285 

Penetration,  100  g,  5  sec,  25°  C 50 

Softening  point,0  C 55 

Ductility,  25°  C.,  centimeters 110+ 

Loss  on  heating,  50  g,  5  hours,  163°  C,  percent .  05 

Penetration  of  residue  after  loss  by  heating 40 

Total  bitumen,  soluble  in  CS>,  percent 99.  8 

Organic  matter  insoluble  in  CS2,  percent .1 

Inorganic  matter  insoluble  in  CS2,  percent .1 

Total  bitumen  insoluble  in  86°  B.  naphtha,  percent 28.  5 

LIMESTONE    DUST 

Specific  gravity 2.  701 

Percentage  retained  on  no.  200  sieve 12.  0 

Percentage  of  voids  (Bureau  vibrator  method) 37.  6 

CRUSHED    LIMESTONE 

Passing  %-inch  sieve,  retained  on  }4-inch  sieve,  percent-.  52.  5 

Passing  j4-inch  sieve,  retained  on  no.  4  sieve,  percent 22.  5 

Passing  no.  4  sieve,  retained  on  no.  8  sieve,  percent 25.  0 

Specific  gravity 2.  310 

Percentage  of  wear 10.  4 

Absorption,  percent 6.  56 

SAND 

Passing  no.  10  sieve,  retained  on  no.  20  sieve,  percent 7.  6 

Passing  no.  20  sieve,  retained  on  no.  30  sieve,  percent 7.  2 

Passing  no.  30  sieve,  retained  on  no.  40  sieve,  percent 11.  2 

Passing  no.  40  sieve,  retained  on  no.  50  sieve,  percent 17.  0 

Passing  no.  50  sieve,  retained  on  no.  80  sieve,  percent 25.  6 

Passing  no.  80  sieve,  retained  on  no.  100  sieve,  percent--  8.  8 

Passing  no.  100  sieve,  retained  on  no.  200  sieve,  percent-  15.  2 

Passing  no.  200  sieve,  percent 7.  4 

Specific  gravity 2.  059 

Percentage  of  voids  (Bureau  vibrator  method) 33.  4 

PREPARATION  OF  SPECIMENS  AND  METHODS  OF  TESTING 

The  proportions  of  the  mixtures  used  are  expressed 
as  percentages  by  weight  of  the  total  and  are  shown  in 
table  1.  In  the  preparation  of  the  test  specimens  the 
aggregates  were  proportioned  by  weight  and  then  heated 
to  about  184°  C.  The  hot  aggregates  were  then  placed 
in  a  mixing  pan  that  was  indirectly  heated  by  an  oil 
ath.  The  asphalt  cement,  previously  heated  to  about 
168°  C,  was  added  and  the  mass  mixed  with  trowels 
inth  all  particles  were  uniformly  coated.     The  amount 


Table    1. — Co?nposilion    of   the    mixtures    used    in    the    stability 
determinations 


SHEET  ASPHALT  MIXTURES 


Composition  of  bituminous  mixtures 

Composition  of  mineral 
aggregates 

Bitumen 

Dust 

Sand 

Stone 

Dust 

Sand 

Stone 

Percent 
10 

10 
10 
10 
10 
10 

8 
10 
12 

Percent 
0 
5 
10 
15 
20 
25 

15 
15 
15 

l\ra  ut 
90 
85 
8(1 
75 
70 
65 

77 
75 
73 

Percent 

Pi  TCI- lit 

0.0 

5.0 
11.  1 
16.7 

27.8 

10.3 
16.7 

17.  1 

Percent 
100.0 
94.  i 
88.9 
83.  3 
77.8 
72.2 

83.7 
83.3 
82.  9 

Percent 

BITUMINOUS-CONCRETE   MIXTURES 


8 

4 

78 

10 

1.3 

84.8 

10.9 

9 

4 

77 

10 

4.4 

84.6 

11.0 

10 

4 

70 

10 

4.4 

84.5 

11.  1 

11 

4 

75 

10 

4.5 

84.3 

11.2 

0 

4 

70 

20 

4.2 

74.5 

21.3 

7 

4 

69 

20 

4.3 

74.2 

21.5 

8 

4 

68 

20 

4.4 

73.9 

21.7 

9 

4 

67 

20 

4.4 

73.0 

22.  0 

5 

4 

61 

30 

4.2 

04.2 

31.0 

6 

4 

60 

30 

4.3 

03.8 

31.9 

7 

4 

59 

30 

4.3 

63.4 

32.3 

8 

4 

58 

30 

4.4 

63.0 

32.0 

9 

4 

57 

30 

4.4 

62.  0 

33.0 

5 

4 

51 

40 

4.2 

53.7 

42.  1 

6 

4 

50 

40 

4.2 

53.2 

42.  li 

7 

4 

49 

40 

4.3 

52.7 

43.0 

8 

4 

48 

40 

4.3 

52.  2 

43.5 

5 

4 

41 

50 

4.2 

43  '-' 

52.  0 

6 

4 

40 

50 

4.2 

12.6 

53.  2 

7 

4 

39 

50 

4.3 

41.9 

53.8 

of  the  mixture  needed  to  make  a  specimen  2%  inches 
thick  and  of  the  desired  density  was  then  placed  in  the 
molding  machine  form  and  rolled. 

The  required  amount  of  rolling  varied  with  the  com- 
position of  the  mixture,  the  load  used,  and  the  amount 
of  compaction  desired.  After  rolling  the  specimen 
was  removed,  allowed  to  cool  to  room  temperature, 
and  its  density  and  voids  were  determined. 

The  specimens  to  be  tested  in  the  roller  machine 
were  placed  in  collapsible  forms  that  supported  the 
sides  and  prevented  warping  or  other  deformation. 
They  were  then  transferred  to  a  constant-temperature 
water  bath  at  60°  C.  and  left  until  they  were  at  a 
uniform  temperature  throughout,  as  determined  with 
a  thermometer  embedded  in  a  similar  specimen  pre- 
pared for  temperature  control.  The  time  required  to 
reach  this  temperature  was  about  3  hours.  The  speci- 
mens were  then  transferred  to  the  testing  mold  and 
placed  in  the  bath  of  the  roller  testing  machine,  the 
temperature  of  which  was  also  maintained  at  60°  C. 
The  revolving  disk  carrying  the  rollers  was  lowered 
until  its  full  weight  was  carried  by  the  specimen.  A 
record  was  kept  of  the  number  of  roller  passages  over 
the  specimen  and  of  the  corresponding  longitudinal 
deformations. 

RESULTS  OBTAINED  WITH  HUBBARD-FIELD  AND  ROLLER  MACHINES 
COMPARED 

In  order  to  have  a  uniform  basis  for  comparing  the 
results  obtained  with  the  two  testing  machines,  it  was 
felt  that  the  test  specimens  not  only  should  have  similar 
composition    and     physical    characteristics    but    also 
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SPECIMEN  -2^x4x8  INCHES 

DENSITY  =  2.257 

VOIDS  =  2.21% 


HEIGHT   OF  CORED   SPECIMENS- 24/ INCHES 
DENSITY  =  2.222  2.204  2.218 

VOIDS  =3.72%  4.51%  3.90% 

TOP  INCH   OF  CORE    USED   FOR   HUBBARD-FIELD  TEST 
DENSITY- 2.229  2.196  2.235 

VOIDS  =3.42%  4.85%  3.16% 

Figure  7. — Positions  and  Densities  of  Specimens  Taken 
From  Sheet-Asphalt  Sample. 

should  be  molded  in  the  same  manner.  For  these 
reasons  the  specimens  used  in  the  Hubbard-Field  tests 
were  obtained  from  the  4-  by  8-  by  2^-inch  blocks 
molded  in  the  same  manner  as  those  tested  in  the  roller 
machine.  Cores  of  the  exact  test  size  were  obtained 
by  forcing  a  sharp-edged  steel  pipe  through  the  speci- 
men. The  force  required  for  cutting  was  obtained 
with  a  hydraulic  jack.  The  blocks  were  warmed 
slightly  to  facilitate  penetration  with  the  minimum  of 
distortion.  The  top  1  inch  of  the  core  was  used  as  the 
specimen  and  the  average  of  the  test  results  from  the 
three  Hubbard-Field  specimens  taken  from  the  molded 
block  was  reported  as  a  single  test  result. 

Figure  7  shows  the  relative  positions  of  the  cores, 
A,  B,  and  C,  taken  from  the  8-  by  4-  by  2K-inch  blocks 
and  also  shows  the  variation  in  densities  and  percentages 
of  voids  between  the  Hubbard-Field  specimens  and  the 
block  from  which  they  were  cored.  This  variation  is 
believed  to  be  due  to  particle  disarrangement  that 
occurs  along  the  cut  surfaces  of  the  core,  since  previous 
work  with  the  molding  machine  has  shown  that  the 
8-  by  4-  by  2%-inch  blocks  are  quite  uniform  in  density 
throughout.6 

Two  series  of  mixtures  of  the  sheet-asphalt  type  were 
used  in  the  comparison  of  the  two  machines/  In  one 
series  the  percentage  of  dust  was  held  constant  and  the 

6  A  Machine  for  Molding  Laboratory  Specimens  of  Bituminous  Paving  Mixtures 
by  J.  T.  Pauls,  Public  Roads,  vol.  10,  no.  2,  April  1929. 


percentages  of  sand  and  asphalt  cement  were  varied. 
In  the  other  series  the  percentage  of  asphalt  cement 
was  held  constant  and  the  percentages  of  dust  and  sand 
were  varied.  The  percentage  composition  by  weight 
of  the  mixtures  is  given  in  table  1  and  the  test  results 
are  shown  in  figures  8  and  9. 

Figure  8  shows  an  increase  in  stability  with  a  decrease 
in  the  percentage  of  voids  for  all  three  bitumen  contents, 
the  change  in  stability  being  least  for  the  mixtures 
containing  12  percent  of  bitumen.  In  this  mixture, 
a  change  in  percentage  of  voids  has  a  greater  effect 
upon  the  Hubbard-Field  stability  than  upon  the  roller 
stability.  With  the  mixture  containing  10  percent  of 
bitumen,  however,  the  reverse  appears  to  be  true,  while 
for  the  mixture  containing  8  percent  of  bitumen  the 
two  curves  have  about  the  same  slope. 

Figure  9  shows  the  effect  of  percentage  of  voids  on  the 
stability  of  mixtures  containing  various  percentages  of 
dust.  Here,  as  in  figure  8,  the  general  trend  of  the 
results  is  the  same  for  both  methods  of  test.  For 
mixtures  containing  15  percent  or  less  of  dust  the 
stability  increases  with  a  reduction  in  percentage  of 
voids,  while  with  mixtures  containing  20  and  25  percent 
of  dust  the  stability  increases  as  the  percentage  of  voids 
increases. 

These  curves  show  a  marked  similarity  in  the  general 
trend  of  results  obtained  by  the  two  methods  of  test. 
However,  there  is  no  definite  mathematical  relation 
between  the  stabilities  determined  by  the  two  methods. 

ROLLER    STABILITY    TEST    RESULTS    FOR    ASPHALTIC    CONCRETE 
MIXTURES 

Asphal tic-concrete  mixtures  of  the  compositions  given 
in  table  1  also  were  tested  in  the  roller  machine  in  the 
same  manner  as  the  sheet-asphalt  mixtures.  As  shown 
in  table  1  the  percentage  of  dust  was  constant  for  all 
asphaltic-concrete  mixtures,  the  principal  variables 
being  the  amounts  of  stone  and  sand  used.  For  each 
of  the  five  percentages  of  stone,  the  asphalt-cement 
content  was  varied  sufficiently  to  produce  a  series  of 
mixtures  having  a  range  in  plasticity.  The  test  results 
showing  the  relation  between  roller  stability  and  per- 
centage of  voids  for  the  different  mixtures  are  plotted 
in  figures  10  and  11,  and  the  effect  of  the  percentage 
of  asphalt  cement  for  varying  percentages  of  voids  is 
shown  in  figure  12. 

As  was  found  for  the  sheet-asphalt  mixtures,  an 
increase  in  stability  occurs  as  the  voids  percentages 
are  decreased  for  a  given  asphalt-cement  content; 
an  increase  in  stability  also  occurs  for  a  decrease  in 
asphalt-cement  content  when  the  voids  percentage  is 
kept  constant.  These  data  indicate  that  the  roller 
machine  distinguishes  between  the  factors  affecting  the 
stability  of  asphaltic-concrete  mixtures,  as  well  as  for 
sheet-asphalt  mixtures. 

ACTUAL  ROAD  DISPLACEMENTS  COMPARED  WITH  ROLLER- 
STABILITY  VALUES 

Few  data  are  available  for  use  in  correlating  actual 
field  behavior  with  roller  stability;  however,  some  tests 
have  been  made  upon  samples  from  pavements  of 
known  behavior.  Specimens  from  the  asphaltic-con- 
crete sections  of  circular  track  described  in  Public 
Roads,  vol.  14,  no.  11,  January  1934,  were  tested  for 
stability  in  the  roller  machine.  The  analyses  of  the 
sections  tested  are  given  in  table  2,  and  the  results  of 
the  test  are  shown  graphically  in  figure  13.    This  curve 
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Figure  8.- 


-Relation  Between  Stability  and  Percentage  of  Voids  in  Sheet-Asphalt  Specimens  Containing  15  Percent 
of  Limestone  Dust  and  Various  Percentages  of  Asphalt  Cement  and  Sand. 
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igure  9.— Relation  Between  Stability  and  Percentage  of  Voids  in  Sheet-Asphalt  Specimens  Containing  10  Percent 
of  Asphalt  Cement  and  Various  Percentages  of  Limestone  Dust  and  Sand. 
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Figure  10. — Relation  Between  Roller  Stability  and  Per- 
centage  of  voids  in  asphaltic-concrete  specimens  con- 
TAINING Four  Percent  of  Limestone  Dust  and  Various 
Percentages  of  Stone,  Sand,  and  Asphalt  Cement. 

shows  longitudinal  displacements  of  the  bituminous 
concretes  in  inches  plotted  against  roller-stability 
values.  This  longitudinal  displacement  was  the  total 
movement  of  25  screws  spaced  6  inches  apart  in  a 
radial  line  on  a  circular  test  pavement  and  was  derived 
by  taking  half  of  the  total  movement  of  50  screws  in 
two  lines.  The  sections  with  the  least  displacement 
had  the  highest  roller-stability  values. 
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Figure  11. — Relation  Between  Roller  Stability  and  Per- 
centage   of    Voids    in    Asphaltic-Concrete    Specimens 
Containing  Four  Percent  of  Limestone  Dust  and  Va-jJ 
rious  Percentages  of  Stone,  Sand,  and  Asphalt  Cement. 

roller  stability  method  proves  practicable 

A  study  of  the  test  data  presented  shows  that,  while 
no  constant  relation  exists  between  stabilities  as  meas- 
ured by  the  Hubbard-Field  and  roller-stability  machines, 
both  methods  show  the  effects  of  various  percentages 
of  ingredients  and  voids,  factors  that  influence  the 
stability  of  sheet  asphalt  mixtures.  Both  methods 
show  that  variations  in  a  given  factor  influence  stability 
in  the  same  way.  In  addition,  the  roller  machine  results 
show  the  effect  of  various  percentages  of  ingredients  and 
voids  upon  the  stability  of  bituminous  concrete  mixtures, 
the  results  being  comparable  to  those  obtained  on  the 
sheet  asphalt  mixtures  and  are  in  agreement  with 
commonly  accepted  theories.  Although  a  considera- 
ble number  of  tests  on  pavements  of  known  behavior 
will  have  to  be  made  before  roller  stability  results  can 
be  used  as  a  measure  of  expected  service  behavior,  it 
appears  that  the  roller  machine  is  a  satisfactory  device 
for  determining  the  relative  stabilities  of  both  fine-  and 
coarse-graded  asphaltic  mixtures. 

Additional  advantages  of  the  roller  machine  arc  that 
specimens  of  varying  depth  can  be  tested  and  that 
field  specimens  can  be  prepared  without  apparently 
disturbing  the  material  within  the  specimen.     This  is 
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igure  12. — Effect  of  Variations  in  Percentage  of  Asphalt 
Cement  on  Roller  Stability  of  Asphaltic-Concrete 
Specimens  Containing  Four  Percent  of  Limestone  Dust 
and  Various  Percentages  of  Stone,  Sand,  and  Asphalt 
Cement. 
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Figure  13. — Comparison  of  Field  Movement  and  Roller 
Stability  of  Asphaltic-Concrete  Sections  from  Circular 
Track. 

Table  2. —-Laboratory  analyses,  field  movement,  and  roller  stability 
of  sections  of  pavement  from  the  experimental  circular  track 


Bitumen. 


Passing  1^-inch  screen,  retained  on  1- 

inch  screen 

Passing  1-inch  screen,  retained  on  ?i-inch 

screen 

Passing  fj-inch  screen,  retained  on  Yi- 

i nch  screen 

Passing  J4-inch  screen,  retained  on  )i- 

ineh  screen . . 

Passing  Jj-inch  screen  ',  retained  on  no. 

10  sieve  2 _. 

Passing  no.  10  sieve,  retained  on  no.  20 

sieve. _. 

Passing  no.  20  sieve,  retained  on  no.  30 

sieve 

Passing  no.  30  sieve,  retained  on  no.  40 

sieve _ 

Passing  no.  40  sieve,  retained  on  no.  50 

sieve 

Passing  no.  50  sieve,  retained  on  no.  80 

sieve. .- 

Passing  no.  80  sieve,  retained  no.  100 

sieve _ 

Passing  no.  100  sieve,  retained  on  no.  200 

sieve 

Passing  no.  200sieve.-. 

Total 


Field  movement,  inches.. 

Maximum  movement  of  single  screw, 

inches _. 

Roller  stability 


Section  no. 

- 

29 

30 

31 

32 

33 

Percent 
4.8 

Percent 
5.8 

Percent 
7.1 

Percent 
7.6 

Percent 
7.3 

0.0 

4.7 

3.6 

4.3 

2.7 

14.6 

12.7 

9.  6 

10.0 

11.8 

17.0 

16.  1 

11.7 

13.9 

16.1 

8.6 

10.4 

10.9 

10.9 

9.1 

3.0 

4.8 

5.7 

5.6 

7.0 

3.3 

3.0 

3.7 

4.5 

4.8 

4.3 

4.0 

4.5 

4  6 

5.0 

3.4 

3.0 

3.4 

3.3 

3.3 

8.2 

6.6 

7.  2 

6.9 

6.5 

12.0 

'J.  2 

10.5 

8.7 

8.4 

6.8 

5.2 

6.2 

6.1 

4.8 

8.5 
5.5 

8.6 
5.9 

9.  1 
6.8 

7.6 
6.0 

6.5 
6.7 

100.0 

100.0 

100.0 

100.0 

100.0 

0.8 

0.5 

5.1 

21.1 

21.5 

0.2 
355 

0.1 
297 

1.2 

244 

2.9 

88 

3.3 
99 

1  Screens  have  circular  openings. 


2  Sieves  have  square  openings. 


done  by  cutting  with  a  carborundum  saw  that  appar- 
ently does  not  displace  the  material.  The  effect  of 
slight  displacement  is  lessened  since  the  area  of  the  test 
specimen  is  larger  than  the  area  subjected  to  load  dur- 
ing the  test. 

By  controlling  the  weight  on  the  specimen  during 
test,  test  values  can  be  obtained  for  the  more  plastic 
types  of  mixture  for  which  a  comparison  between  test 
and  service  performances  may  be  desired.  It  should 
also  be  possible  to  compare  test  and  service  perform- 
ances of  the  cold-laid  or  liquefier  type  of  surface. 

Since  the  method  of  fabricating  test  specimens^  in 
the  laboratory  simulates  the  methods  of  compaction 
used  in  actual  construction,  it  is  believed  that  the  use 
of  the  molding  machine  for  fabrication  and  the  roller 
machine  for  testing  should  furnish  satisfactory  labora- 
tory evaluation  of  probable  service  performance  for  the 
various  types  of  bituminous  mixtures. 
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THE  STRUCTURAL  DESIGN  OF  CONCRETE 

PAVEMENTS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests,  and  EARL  C.  SUTHERLAND,  Associate  Highway  Engineer  > 

PART  1.— A   DESCRIPTION  OF  THE  INVESTIGATION  2 


SINCE  1930,  the  Bureau  of  Public  Roads  has  been 
conducting  at  the  Arlington  Experiment  Farm,  Va., 
an  extensive  investigation  with  the  general  objective 
of  developing  information  that  will  be  of  assistance  in 
better  understanding  the  structural  action  of  concrete 
pavement  slabs. 

More  specifically,  the  research  was  planned  to  study 
the  following  four  main  subjects: 

1.  The  effects  of  loads  placed  in  various  ways  on 
pavement  slabs  of  uniform  thickness. 

2.  The  "balance  of  design"  or  relative  economy  of 
typical  pavement  slab  cross-sections. 

3.  The  behavior  under  load  and  comparative  struc- 
tural effectiveness  of  typical  longitudinal  and  trans- 
verse joint  designs. 

4.  The  effects  of  temperature  conditions  and  of 
moisture  conditions  on  the  size,  shape,  and  load- 
carrying  ability  of  pavement  slabs. 

The  study  of  the  effects  of  loads  placed  in  various 
ways  on  slabs  of  uniform  thickness  was  intended  pri- 
marily as  an  experimental  verification  of  the  only 
rational  theory  of  pavement  slab  stresses  thus  far 
advanced,  i.  e.,  the  Westergaard  analysis.3  The  pro- 
gram was  accordingly  planned  in  such  a  way  that  each 
of  the  factors  that  theoretically  might  influence  the 
load-stress  relation  could  be  examined  experimentally 
and  the  observed  effects  compared  with  those  predicted 
by  the  theory.  In  addition,  this  study  was  expected 
to  indicate  rather  definitely  what  the  shape  of  the  slab 
cross  section  should  be  if  the  design  were  so  balanced 
that  a  given  load  would  produce  a  certain  definite 
maximum  stress  regardless  of  the  position  of  the  load 
on  the  slab. 

The  study  of  the  balance  of  design  of  typical  pave- 
ment slab  cross  sections  was  planned,  first,  for  the  pur- 
pose of  showing  the  relative  economy  of  the  various 
designs,  and  second,  to  provide  data  upon  which  to 
base  conclusions  as  to  the  proper  shape  for  a  perfectly 
balanced  cross  section.  The  data  obtained  in  the  load 
tests  on  slabs  of  uniform  thickness  mentioned  in  the 
last  part  of  the  preceding  paragraph  necessarily  form 
an  important  part  of  the  study  of  the  balance  of  the 
cross-section  design. 

The  almost  complete  lack  of  data  concerning  the 
structural  behavior  of  the  various  types  of  longitudinal 
and  transverse  joint  designs  existing  at  the  time  this 
research  was  planned  and  the  importance  of  a  knowledge 
lof  this  action  in  any  consideration  of  the  structural 
design  of  pavements  made  a  study  of  the  subject 
imperative.     That  part  of  the  investigation  dealing 

|  l  Roscoe  Lancaster,  Harry  D.  Cashell,  Arthur  L.  Catudal,  and  Ernest  G.  Wiles, 
junior  highway  engineers,  gave  able  assistance  in  carrying  on  the  work  reported. 
They  contributed  valuable  suggestions  as  to  procedure  and  made  observations  at 
all  hours  and  under  all  weather  conditions. 

2  A  series  of  five  articles  has  been  planned.  The  first  three  will  probably  be  pub- 
lished in  consecutive  issues.  Parts  4  and  5  may  not  be  published  in  issues  consecu- 
tive with  the  rest  of  the  series  as  they  are  dependent  upon  work  yet  to  be  completed, 
i  3  Stresses  in  Concrete  Pavements  Computed  by  Theoretical  Analysis,  by  H.  M. 
iWestergaard,  PUBLIC  ROADS,  vol.  7,  no.  2,  April  1926,  and  Analytical  Tools  for 
mdgin  i  Results  of  Structural  Tests  of  Concrete  Pavements,  by  H.  M.  Westergaard, 
PUBLIC  ROADS,  vol.  14,  no.  10,  December  1933. 
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with  joint  design  was  planned  to  yield  data  showing  the 
structural  effectiveness  of  most  of  the  commonly  used 
types  of  joints  and  also  information  regarding  the  effect 
of  dowel  spacing  and  joint  width  on  the  structural 
action  of  joints. 

The  fourth  part  of  the  investigation,  that  is,  the  study 
of  the  effects  of  temperature  conditions  and  of  moisture 
conditions  on  the  size,  shape,  and  load-carrying  ability 
of  pavement  slabs,  was  planned  to  provide  information, 
not  heretofore  available,  on  the  complex  relations 
created  by  temperature  and  moisture  variations,  and 
the  practical  significance  of  these  relations  with  respect 
to  the  design  of  the  pavement  slab  as  a  load-carrying 
structure. 

In  order  to  carry  out  the  studies  contemplated  in  this 
investigation  the  group  of  10  full-size  concrete  pavement 
slabs  shown  on  the  cover  page  was  constructed.  Each 
of  these  slabs  is  40  feet  in  length,  20  feet  in  width,  and 
has  a  particular  cross  section.  Each  slab  is  divided  by 
a  longitudinal  and  a  transverse  joint  of  a  particular 
design  and  each  slab  is  definitely  separated  from  those 
adjoining  it,  in  most  cases  by  a  2-inch  open  joint.  The 
concrete  was  uniform  throughout  the  group  and  all 
slabs  were  without  steel  reinforcing.  Special  efforts 
were  made  to  obtain  subgrade  uniformity  under  the 
entire  group  of  sections. 

The  load  tests  and  other  studies  designed  to  develop 
the  information  desired  have  been  made  on  these  10 
slabs.  Some  idea  of  the  magnitude  of  the  work  of 
testing  may  be  had  when  it  is  realized  that,  in  round 
numbers,  some  30,000  strain  measurements,  25,000 
deflection  observations,  65,000  measurements  of  slab 
expansion  (or  contraction),  and  30,000  temperature 
measurements  were  made  in  the  course  of  the  investi- 
gation. Approximately  10  percent  of  these  were  made 
during  the  night  or  early  morning  hours. 

Figure  1  shows  the  details  of  the  several  designs  of 
pavement  slab  cross  section  included  in  the  investiga- 
tion. It  will  be  observed  that  these  include  the  rather 
massive  edge  design  suggested  a  number  of  years  ago 
by  the  American  Association  of  State  Highway  Officials, 
3  designs  of  the  conventional  thickened-edge  type  in 
which  the  edge  thickening  is  decreased  uniformly  to 
zero  over  a  distance  of  3  feet,  a  design  in  which  the 
upper  and  lower  boundaries  of  the  section  are  parabolas 
di verging  so  as  to  give  a  thickened  edge,  2  lip-curb 
sections  (with  and  without  the  conventional  edge 
thickening),  and  4  sections  of  uniform  thickness.  The 
area  of  the  cross  section  (in  square  feet)  for  a  20-foot 
width  pavement  of  each  design  is  noted  in  this  figure. 

The  details  of  the  several  designs  of  transverse  joint 
included  are  shown  in  figure  2.  The  ordinary  butt- 
type  open  joint  with  3  different  dowel  spacings  and 
2  different  widths  of  joint  opening,  the  continuous  steel 
plate  key  with  2  widths  of  joint  opening,  the  thickened 
slab  end  (without  dowels  or  other  connection),  and  the 
"plane  of  weakness"  both  with  and  without  dowels 
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SLAB    3    AREA  =  II.85   SO    FT 


CONVENTIONAL 


16  OR   7 


I 


SLAB  I  10-7-10  AREA"  12.41  SQ  FT 
SLAB  2  9"-  7"-  9"  AREA=  12.16  SQ  FT 
SLAB    5      9"-  6"-  9"  AREA  =  10  75  SQ   FT 


DOUBLE     PARABOLIC 


SLAB  4    AREA  =  I200  SQ   FT 


LIP   CURB 
(IOWA   DESIGN) 


SLAB  8a  AREA  =  II. 98  SQ  FT 


SLAB  8£  AREA  =  12.23  SQ.FT 


J„ 


±\ 


UNIFORM 


1 

A 


-b"  7,"  8"  OR  9" 

SLAB   6     9"- AREA  =15.00  SQ  FT 

SLAB   7     8"  AREA  =  13.32  SQ  F  T 

20  FT 


Figure  1. — Designs  of  Cross  Sections  Investigated. 


SLAB   9     T-  AREA  =  1  1  66  SQ   1   T 

6"   7,"  8"  OR   9"    — ' 

SLAB  10    6"  AREA  =  10-00  SQ  FT 

comprise  the  types  that  have  been  tested.  AH  of  the 
joints  have  been  kept  filled  with  a  typical  poured 
bituminous  joint  filler. 

The  structural  features  of  the  several  types  of  longi- 
tudinal joints  used  in  the  10  slabs  are  shown  in  ligure 
3.  In  4  of  these,  separation  of  the  2  slabs  was  accom- 
plished with  a  deformed  plate  of  heavy  sheet  metal;  in 
4  others  the  slabs  were  laid  half  width  at  a  time  and 
bond  between  the  halves  of  the  slab  was  prevented 
by  a  sheet  of  tarred  felt.  The  other  2  slabs  were 
grooved  to  create  a  longitudinal  plane  of  weakness  that 
was  intended  to  crack  through  and  form  a  separation 
between  the  2  halves  of  the  slab. 

TEST  SLABS  CAREFULLY  CONSTRUCTED 

The  subgrade.- — The  importance  of  subgrade  uniformity 
in  any  test  of  the  structural  action  of  pavement  slabs 
was  recognized  from  the  first.  The  site  used  was 
selected  with  this  in  mind  and  a  detailed  soil  survey 
was  made  to  determine  the  conditions  existing  in  the 
area  involved,  with  the  result  that  the  soil  was  classi- 
fied as  a  uniform  brown  silt  loam  (class  A-4).  The 
uniformity  of  the  soil  is  indicated  by  the  results  of  tests 
made  in  the  laboratory  on  the  samples  taken  during 
the  survey,  as  shown  in  table  1. 

The  original  surface  of  the  area  having  been  disturbed 
by  earlier  experiments,  the  subgrade  material  was  en- 
tirely removed  until  the  new  subgrade  was  entirely  an 


Table  1. — Test  data  from  subgrade  samples 


Liquid 
limit 

Plasticity 
index 

Shrinkage 

Moisture  equivalent 

Sample  no. 

Limit 

Ratio 

Centri- 
fuge 

Field 

1 

24 
22 
25 
24 
25 
24 
23 
25 
23 
32 
24 
28 
24 
27 
25 
25 
24 
25 
24 
24 
23 
24 
30 
28 
29 

8 
5 
8 
9 
9 
6 
8 
9 
7 
12 
7 
9 
9 
12 
10 
10 
8 
9 
9 
7 
8 
8 
14 
13 
11 

18 
21 
19 
19 
19 
18 
19 
17 
18 
24 
20 
24 
20 
16 
17 
17 
19 
18 
18 
20 
18 
18 
19 
18 
16 

1  8 

28 
23 
26 
25 
26 
28 
20 
25 
19 
35 
26 
34 
24 
23 
25 
25 
23 
24 
25 
27 
23 
27 
22 
27 
31 

20 

2 

7 
8 
8 
8 
8 
8 
8 
8 
6 
8 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 

19 

3 

21 

4 

2C 

5...         

If 

6 

1C 

7 

IS 

8 _. 

21 

9__. 

2( 

10 

2! 

11 

21 

12 

Z 

13 

21 

14 

2i 

15 

1' 

16 

r 

17     

i 

18 

2 

19 

2 

20 - 

2 

21 

2 

22 

1 

23         

5 

24  

5 

25 

S 

undisturbed  soil  formation.  On  this  surface  the  lim 
of  the  pavement  was  laid  out.  In  order  to  insure 
proper  drainage,  deep  side  ditches  with  suitable  outlet 
were  provided. 
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SLABS   6,7  J 


SLEEVE  £lN-»j|-*-      L|lN    OIAM    DOWELS    3FT    LONG 

18,   27,  OR  36  INS    CC    (NOT    IN    BONO) 


SLABS    9  8.  10 


I 


X 


SLEEVE  flIN-Hr*  i'N    OIAM    DOWELS     3  FT    LONG 

18   OR  27  INS    C  C    (NOT    IN    BOND) 

SLABS   2  8.   5 


1 

_^I                               1 

GALV 

ANIZED     K 

SHIELD 

(ErAL— ' 

2&3'N  — 

-  %  in  by  4  inch  dowel 
(not   in  bond) 

PLATE 

jIN— ^h-—         EN0S    THICKENED 


PLANE    OF    WEAKNESS 
(NO    DOWELS) 


SLAB     4 


SLEEVE  — 


PLANE    OF     WEAKNESS 


XT 


1    DIAM     DOWELS     3  FT    LONG 
8  INS    C  C    (NOT     IN   BOND) 


Figure  2. — Designs  of  Transverse  Joints  Included  in  the 
Investigation. 

The  subgrade  where  the  slabs  were  to  be  located  was 
;  next  plowed  to  a  depth  of  approximately  10  inches.     It 
,  was  left  in  this  loose  condition  for  a  period  of  about 
4  weeks,  during  which  it  was  broken  up  and  agitated 
several  times  with  a  disk  harrow.     The  soil  was  finally 
compacted,  first  with  a  5-ton  tandem  roller  and  then 
I  with  the  wheels  of  a  loaded  5-ton  motor  truck.     The 
i  appearance  of  the  subgrade  after  this  manipulation  is 
shown  in  figure  4.     On  this  compacted  soil  the  forms 
were  set  and  the  final  grading  completed.     Because  of 
the  purpose  for  which  the  slabs  were  to  be  used,  great 
care  was  taken  to  have  the  final  subgrade  surface  ex- 
actly to  grade  and  very  smooth  in  order  that  the  thick- 
ness of  the  completed  slab  would  be  known  definitely. 
The  appearance  of  the  subgrade  at  the  time  the  concrete 
was  placed  is  shown  in  figure  5. 

The  moisture  content  of  the  subgrade  was  main- 
tained by  sprinkling  daily  and  the  particular  portion  on 
which  concrete  was  to  be  placed  was  given  an  addi- 
tional light  sprinkling  immediately  prior  to  placing 
concrete. 

The  concrete. — The  materials  used  for  the  concrete 
were  carefully  selected  and  the  mix  designed  to  give 
high  flexural  strength.  The  cement  was  a  standard 
Portland  cement  of  satisfactory  quality,  and  all  came 
from  one  bin  at  the  plant. 

The  fine  aggregate  was  a  rather  coarse,  angular 
quartz  sand,  containing  some  grains  of  chert,  feldspar, 


SLAB  5 


TRIANGULAR     TONGUE 
ITH    ^IN     TIE     BAPS     4  FT     LONG     SPACED    601ns     CC 


SLAB   3 


^ 


REC  T ANGULAR      TONGUE 
WITH     ^  IN,    TIE    BARS     4  FT    LONG     SPACED    fcOINS     C  C 


3 


SLAB    4 


REGTANGULAR     TONCUE 
WITHOUT      T  IE    BARS 


CORRUGATED     PLATE 
ITH    j  IN     T,£    BARS     A  FT    LONG     SPACED    601NS    CC 


SLAB   6     \ 

I     '  — 

■x^f^v ;-•;.-:;;  ;.;;■{ 

ITH     i  IN     TIE     BA 


'EAKNESS 

LONG     SPACED    60INS     CC 


SLAB     7      L 
~V  2" 


PLANE  OF  WEAKNESS 
wi IHOUT  T IE  BARS 


SLABS    I,  2,8  &   9 


PLAIN    HUTT     JOINTS        ^ TARRED    FELT 

with  Jin    tie   baps   a  ft   long   spaced 

SLA8I-60INSCC  SLAB    8- 36  INS. CC. 

SLAB    2  -  48  INS    CC.  SLAB    9-24INS.  CC. 

<Oir    -ALL     DOWfLS     (OR    DEFORCED     TIF     BARS) 
ARE     BONDED     THROUGHOUT    THEIR     LENGTH 


Figure   3. — Designs   of   Longitudinal  Joints   Included   in 
the  Investigation. 

gneiss  and  mica.  The  average  fineness  modulus  of 
the  sand  as  determined  by  a  number  of  tests  was 
3.26.  The  source  of  this  material  is  near  Fredericks- 
burg, Va. 

The  coarse  aggregate  was  a  blue  limestone  obtained 
from  near  Martinsburg,  W.  Va.  It  was  shipped  to  the 
job  in  three  sizes  and  recombined  at  the  proportioning 
plant  to  give  the  desired  grading.  The  proportions 
used  were: 

Size:  Percent 

1>4  to  2M  inches 50 

%  to  1%  inches 25 

Y\  to  %  inch 25 

When  combined  in  this  way  the  average  fineness 
modulus  of  the  coarse  aggregate  was  7.65. 

The  proportions  fixed  for  the  concrete  were  1:2:3)2, 
using  dry-rodded  volume  as  the  basis  of  measurement. 
Actually,  in  batching  materials  for  the  mixer,  these 
proportions  were  controlled  by  weighing  all  of  the 
constituents   except    the   water.     Figure  6  shows  the 
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Figure   4. 


-Appearance   of  the   Subgrade   After   Rolling 
Had  Been  Completed. 


proportioning  plant  used  in  the  construction  of  the 
slabs. 

Moisture  determinations  were  made  on  samples 
from  the  stock  piles  each  morning  and  necessary 
adjustments  were  made  in  the  batch  weights  and 
water  content.  The  water-cement  ratio  decided  upon 
as  a  result  of  trial  mixes  was  0.85  by  volume. 

Concrete  was  mixed  .for  l}{  minutes  in  a  modern 
paving  mixer  (size  27-E).  At  the  beginning  of  each 
day's  run,  a  preliminary  half-size  batch  was  run 
through  the  mixer  and  discarded,  the  purpose  being 
to  coat  the  interior  of  the  mixer  drum  and  obtain  uni- 
formity in  subsequent  batches.  The  concrete  was 
dumped  on  the  subgrade  and  distributed  in  the  usual 
manner.  Compacting  and  finishing  were  accomplished 
with  a  2-screed  finishing  machine,  without  tamping. 
The  final  finish  was  obtained  with  a  hand  belt  and  edg- 
ing tools.  A  double  layer  of  wet  burlap  was  applied 
immediately  after  the  final  belting  and  this  was  kept 
wet  for  24  hours,  after  which  it  was  replaced  with  a 
layer  of  earth  3  to  4  inches  thick,  which  was  kept  wet 
for  20  days  and  then  removed.  Figure  7  shows  the 
equipment  used  in  mixing  and  placing  the  concrete. 

In  order  to  have  concrete  available  for  such  later 
studies  of  the  physical  properties  of  the  concrete  as 
might  be  necessary,  three  short  extra  sections  of  pave- 
ment were  cast  during  the  construction  of  the  test 
slabs. 


For  an  early  determination  of  concrete  strength,  8 
beams  and  5  cylinders  were  made  for  each  of  the  10 
pavement  slabs.  These  specimens  were  cast  from  the 
concrete  after  it  had  been  dumped  on  the  subgrade. 
The  beams  were  7  by  7  by  30  inches  and  the  cylinders 
6  by  12  inches  in  size.  These  specimens  were  protected 
from  moisture  loss  during  the  first  24  hours,  after 
which  the  cylinders  were  removed  to  the  damp  room 
and  the  beams  were  buried  in  the  earth  shoulder  beside 
the  slab.  All  of  these  specimens  were  tested  at  the 
age  of  28  days. 

The  average  flexural  strength  of  the  beams  (80 
specimens)  was  765  pounds  per  square  inch  and  the 
average  compressive  strength  of  the  cylinders  (46 
specimens)  was  3,525  pounds  per  square  inch. 

TEST  PROCEDURE  DESCRIBED 

The  tests  and  observations  made  in  this  investiga- 
tion may  be  divided  into  three  groups,  as  follows: 

1.  Load  tests  on  the  pavement  slabs,  in  which  definite 
loadings  were  applied  to  the  various  sections  accord- 
ing to  a  plan  and  the  resulting  deflections  and  strains 
were  measured.     These  tests  form  the  basis  of— 

(a)  The  examination  of  the  Westergaard  analysis. 

(6)  The  study  of  the  pavement  cross-sections. 

(c)  The  determination  of  the  structural  efficiency 
of  the  different  joint  designs. 


Figure    o. — Appearance    of    the 
Setting  and  Completion  of 


i 'i      After    Form 
Final  Grading. 


Figure  6. — The  Proportioning  Plant. 

2.  Observations  made  on  the  slabs  to  determine  th( 
effects  of  variations  in  temperature  and  moisture  con 
ditions  on  their  size,  shape,  and  load-carrying  ability 
These  observations  included  the  determination  of — ■ 

(a)  Temperature  conditions  within  and  surround 
ing  the  pavement. 

(b)  The  expansion,  contraction,  and  warping  o 
slabs  due  to  temperature  changes  and  to  changes  ii 
moisture  condition. 

(c)  The  strains  induced  in  the  concrete  through  th 
tendency  of  the  slab  to  change  its  size  and  shape. 

3.  Auxiliary  tests. — This  group  comprises  a  con 
siderable  number  of  collateral  investigations  carrieH 
out  principally  in  the  laboratory,  to  develop  informs  > 
tion  essential  to  the  interpretation  of  the  data  obtaine  I 
in  the  tests  on  the  slabs.  In  this  group  will  be  foun 
tests  to  determine — 

(a)  The  physical  characteristics  of  the  subgrade. 

(b)  The  physical  properties  of  the  concrete. 

(c)  The  thermal  properties  of  the  concrete. 

(d)  The  effect  of  moisture  conditions  on  the  strengt 
and  stiffness  of  the  concrete. 
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PROGRAM  OF  LOAD  TESTS  BASED  ON  CAREFUL  PRELIMINARY 
INVESTIGATIONS 

Before  beginning  the  general  program  of  load  tests, 
preliminary  tests  were  made  on  a  slab  of  uniform  thick- 
ness and  on  one  having  a  conventional  thickened  edge. 
The  purpose  of  these  preliminary  tests  was  to  deter- 
mine— 

1.  The  proper  points  at  which  to  apply  the  loads  for 
the  various  studies. 

2.  The  proper  position  for  the  strain  gages  if  the 
critical  strain  was  to  be  measured  for  each  loading. 

3.  The  extent  of  the  deflections  to  be  measured  for 
each  loading. 

The  information  obtained  in  these  tests  made 
possible  the  detailed  planning  of  the  tests  that  were 
to  follow. 

An  important  development  of  this  preliminary  work 
was  the  conclusion  that  relative  deflections,  as  measured 
in  these  tests,  may  not  always  be  a  true  indication  of 


quarter-slab  panels  (points  1  to  10,  inclusive,  along  the 
line  A'— B' in  fig.  8). 

For  the  investigations  of  joint  design,  loads  were 
applied  at  the  joint  edge,  at  the  center  of  the  slab  panel, 
and  at  the  free  edge  of  each  slab,  thus  permitting  a 
comparison  to  be  made  between  the  maximum  stresses 
developed  by  a  given  load  acting  at  the  joint  edge  and 
those  developed  by  the  same  load  at  the  other  two 
points,  points  that  represent  the  extreme  limits  of  slab 
continuity.  These  stress  data  make  it  possible  to  set 
up  a  rational  measure  of  the  structural  effectiveness  of 
joint  designs. 

In  the  case  of  the  longitudinal  joints  the  load  points 
A,  H,  and  B  were  used,  while  for  transverse  joints  the 
loads  were  applied  at  I,  H,  and  G.  As  the  program 
advanced  it  was  found  that  some  joint  designs  were  not 
equally  effective  at  all  points  nor  at  all  times  of  the  year, 
so  that  additional  loads  were  applied  along  lines  parallel 
to  the  slab  axes  but  displaced  from  the  center  line.     In 


Figure  7. — The  Mixing  and  Placing  of  the  Concrete. 


relative  stresses.  Since  deflection  and  stress  are  directly 
related  theoretically,  it  seems  probable  that  the  deflec- 
tion data,  while  apparently  accurate,  are  actually 
quite  crude  when  compared  to  the  strain  data.  Thus, 
differences  in  elastic  curvature  that  are  not  detectable 
in  the  deflection  data  may  cause  large  differences  in 
stress. 

This  conclusion  made  it  necessary  to  depend  almost 
entirely  upon  the  stress  data  as  a  basis  for  the  compari- 
sons that  it  was  desired  to  make. 

As  soon  as  the  preliminary  tests  had  been  completed 
detailed  plans  for  the  load-testing  program  were 
developed.  Figure  8  shows  the  plan  and  elevation  of 
one  of  the  test  sections  and  the  points  where  loads  were 
applied  for  the  different  studies  and  the  positions  of  the 
strain  gages  in  relation  to  the  load  points.  Figure  9 
is  a  similar  drawing  showing  the  points  where  loads 
were  applied  and  the  lines  along  which  the  deflection 
curves  were  determined.  This  figure  also  shows  the 
location  of  the  points  where  the  opening  and  closing 
of  the  joints  due  to  temperature  were  measured. 

In  the  studies  of  the  balance  of  the  designs  of  slab 
cro;is-section  the  load  was  applied  successively  at  points 
1  foot  apart  along  the  transverse  axis  of  one  of  the 


all  cases,  however,  the  complete  data  were  obtained  for 
the  three  positions  of  the  load. 

When  Westergaard  prepared  lus  analysis  of  the 
stresses  in  a  concrete  pavement  slab,  he  developed  a 
mathematical  treatment  covering  three  important  cases 
of  loading  that  were:  Case  I,  a  wheel  load  acting  at  the 
free  corner  of  a  slab;  case  II,  a  wheel  load  acting  at  the 
interior  of  a  slab  and  at  a  considerable  distance  from 
the  edges;  case  III,  a  wheel  load  acting  at  the  edge  of  a 
slab  and  at  a  considerable  distance  from  a  corner. 

The  loadings  applied  to  the  test  slabs  in  the  study  of 
the  three  cases  of  the  Westergaard  analysis  are  shown 
in  figure  8.  These  tests  were  made  only  on  the  slabs  of 
uniform  thickness.  For  every  loading  the  significant 
stress  and  deflection  data  were  obtained.  Figure  10 
shows  the  appearance  of  one  of  the  test  sections  after 
the  installation  of  the  gage  points  for  the  strain  and 
deflection  measurements. 

METHOD  OF  APPLYING  LOADS  DESCRIBED 

It  was  considered  desirable  to  use  loads  that  would 
create  maximum  stresses  of  approximately  one-half  of 
the  modulus  of  rupture  of  the  concrete.  Since  some  of 
the  slabs  were  of  rather  heavy  design,  reactions  of  some 
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Figure  9.— Plan  of  a  20-  by  40-Foot  Test  Section  Showing  the  Points  Where  Loads  Were  Applied  and  the  Lines  Along 

Which  Deflections  Were  Measured. 
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magnitude  were  necessary  to  produce  such  stresses.  It 
was  also  highly  desirable  that  at  the  time  the  test  load 
was  being  applied  no  other  loads  be  on  the  slab,  in  order 
that  the  observed  effects  could  be  attributed  definitely 
to  a  known  reaction  system.  These  two  considerations 
and  the  availability  of  a  large  cylindrical  steel  tank  led 
to  the  adoption  of  the  loading  equipment  shown  in 
figure  1 1 .  The  tank,  30  feet  long  and  6  feet  in  diameter, 
was  mounted  in  a  structural  steel  frame  or  cradle, 
supported  by  two  transverse  end  frames  22  feet  apart. 
Each  end  frame  was  provided  with  a  pair  of  heavy 
cast-iron  wheels  of  small  diameter  and  these  rested 
upon  a  railway  laid  along  the  earth  shoulders  parallel 
to  the  pavement  edge.  The  tank  spanned  the  slab 
completely  and  could  be  moved  longitudinally  over  the 
test  sections  at  will. 

A  heavy  wooden  bolster  or  pad  was  fitted  to  the 
lower  surface  of  the  tank  and  so  arranged  that  it 
could  be  shifted  to  any  position  from  one  end  frame  to 
the  other,  and  thus  be  placed  over  any  desired  point  on 
any  of  the  sections. 


Figure  10. — Complete  Installation  of  Gage  Points  for 
Strain  and  Deflection  Measurements  on  One  of  the 
Test  Sections. 

By  partially  filling  the  tank  with  water  a  reaction  in 
excess  of  any  load  required  for  the  loading  of  the  slabs 
became  available.  To  develop  the  load  on  the  slab  the 
device  shown  in  figure  12  was  constructed.  In  this 
figure,  A  is  the  wooden  bolster  that  bears  against  the 
bottom  of  the  tank,  B  is  a  steel  facing  plate  on  the  lower 
surface  of  the  bolster,  C  is  a  hardened  steel  knife  edge, 
D  is  a  pair  of  heat-treated  steel  beams  whose  load-deflec- 
tion rate  being  known  through  calibration  enables  the 
operator  to  determine  the  load  on  them  at  any  instant 
by  reading  the  micrometer  dial  that  measures  their 
deflection,  E  is  a  ball-bearing  screw  jack  used  for  develop- 
ing the  thrust,  F  is  a  spherical  bearing  block  that  pre- 
vents eccentricity  of  loading  on  the  bearing  plate  G,  and 
H  is  a  sponge-rubber  pad  to  take  up  surface  irregulari- 
ties on  the  slab  and  assure  a  uniform  intensity  of  load 
over  the  entire  area  of  the  bearing  block. 

The  capacity  of  the  loading  device  shown  in  this 
figure  is  approximately  25,000  pounds.  One  division  on 
the  micrometer  dial  is  equivalent  to  a  load  increment  of 
about  30  pounds  and  periodic  calibrations  have  led  to 
the  conclusion  that  the  load  measurement  by  this  means 
can  be  depended  upon  to  be  accurate  within  100  pounds, 
which  makes  the  percentage  of  error  small  for  loads  of 
the  magnitudes  used  in  these  tests. 

The  bearing  blocks  that  received  the  thrust  of  the 
jack  and  applied  it  to  the  pavement  were  of  two  types 
and  of  several  sizes.     For  the  study  of  the  Westergaard 


Figure  11. — Loading  Equipment  in  Place  Over  One  of  the 
Test  Sections.  The  Slab  is  Covered  with  Straw  and 
Shaded  to  Prevent  Warping. 


theory  it  was  necessary  to  use  blocks  having  both  circu- 
lar (fig.  13  A)  and  semicircular  bearing  areas  (fig.  13  B), 
circular  for  the  interior  and  corner  loadings  and  semi- 
circular for  the  edge,  in  order  to  meet  the  assumptions 
of  the  analysis.  Also  it  was  necessary  to  use  several 
sizes  of  each  in  order  to  investigate  the  effect  of  the  size 
of  the  bearing  area  on  the  maximum  stress  caused  by  a 
given  load.  The  diameters  of  the  blocks  selected  were 
6,  8,  12,  16,  and  20  inches.  The  majority  of  the  tests 
were  made  with  the  8-inch  diameter  circular  block.  For 
the  corner  loadings  the  full  circular  plates  were  used. 
When  the  larger  plates  were  used,  distribution  of  the 
load  was  obtained  by  pyramiding  the  plates  as  shown  at 
the  right  hand  side  of  figure  13  A  and  also  in  figure  12. 
In  a  number  of  the  tests,  such  as  those  at  the  interior 
of  the  pavement  slab,  it  was  necessary  to  measure  the 
strain  in  the  concrete  directly  under  the  bearing  plate. 
For  these  tests  special  blocks,  provided  with  a  groove 
across  the  bottom  face  large  enough  to  accommodate  a 


Figure    12. 
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Figure  13. — Bearing  Plates:  A,  Circular  Bearing  Plates  Used  in  the  Corner  Loading  Tests;  B,  Semicircular  Plates 
Used  for  the  Edge  Loading  Tests;  C,  Small  Circular  Bearing  Block  Grooved  to  Provide  Space  for  a  Strain  Gage. 
The  Block  Is  Shown  Inverted.  D,  Large  Circular  Bearing  Block  With  Space  for  a  Strain  Gage  in  the  Lower 
Plate. 


strain  gage,  were  used.  The  smaller  blocks  of  this  type 
were  built  as  shown  in  figure  13  C  For  the  larger  areas 
two  segments  of  the  proper  size  were  placed  on  the 
sponge-rubber  pads  on  either  side  of  the  strain  gage  and 
the  load  was  distributed  to  these  by  superimposed  cir- 
cular plates  as  shown  in  figure  13  D. 

Both  circular  and  semicircular  plates  were  used  as 
bearing  blocks  for  the  tests  at  the  edge  of  the  pavement 
slab.  The  circular  plates  were  the  same  ones  used  in 
the  corner  loading  tests  and  the  semicircular  plates 
were  those  shown  in  figure  13  B. 

All  of  the  bearing  blocks  were  made  of  steel  and  were 
so  designed  that  the  deflection  under  load  produced  a 
negligible  effect  on  the  uniformity  of  load  distribution. 
The  effect  of  the  groove  in  the  bearing  block  on  the 
maximum  stress  in  the  slab  was  investigated  and  the 
tests  showed  that  for  a  given  load  the  grooved  block 
caused  the  same  maximum  strain  as  a  block  of  the  same 
diameter  without  the  groove. 

A  study  was  made  of  the  effect  of  load  duration  on 
the  magnitude  of  the  strain  developed  in  the  concrete. 
It  was  found  that  in  some  positions,  on  some  of  the 
pavement  designs,  essentially  the  maximum  strain  was 
developed  after  the  load  had  been  maintained  for  1  or 
2  minutes,  while  at  other  points,  4  or  5  minutes  was 
necessary  before  this  equilibrium  was  established.  As 
a  result  of  this  study  the  procedure  of  maintaining  the 
load  for  5  minutes  before  making  any  strain  measure- 
ment was  adopted  for  all  of  the  tests.  Conversely,  5 
minutes  was  allowed  for  recovery  after  the  release  of 
each  load  before  the  application  of  the  next  load.  The 
strains  reported  in  the  papers  that  are  to  follow  are, 
therefore,  maximum  strains  for  the  particular  loads 
and  are  all  definitely  larger  than  would  be  caused  by 
momentary  loads  of  the  same  magnitude. 


ACCURATE     MEASUREMENTS     OF    STRAIN     OBTAINED 
WITH     SPECIAL     GAGES 

Throughout  the  investigation  the  strains  in  the  con- 
crete were  measured  with  the  recording  strain  gage 
shown  in  figure  14.  The  gage  and  its  characteristics 
have  been  described  in  detail  elsewhere  4  and  will  be 
dealt  with  only  briefly  here.  It  consists  of  a  body  or 
frame  about  6  inches  in  length  carrying  a  simple  bell 
crank  lever  with  arms  of  unequal  length.  The  short 
arm  of  this  lever  is  moved  by  any  displacement  of  the 
gage  points  between  which  the  gage  is  mounted.  This 
motion  is  transmitted  to  the  long  arm  of  the  lever  and 
of  course  magnified  by  the  ratio  of  the  lengths  of  the 
two  arms.  The  long  arm  of  the  bell  crank  carries  a 
stylus  point  at  its  free  end  which  makes  a  trace  on  the 
smoked  surface  of  a  small  glass  plate,  thus  recording  a 
displacement  of  the  end  of  the  arm.  The  trace  on  the 
record  slide  is  thus  proportional  to  the  displacement  of 
the  gage  points  and  its  length  is  measured,  either 
directly  with  a  comparator  or  by  optical  magnification 
in  a  projection  apparatus.  The  mechanical  magnifica- 
tion in  the  gage  is  about  60:1  and  ordinarily  another 
magnification  of  about  30:1  is  had  in  the  projection 
apparatus. 

The  gages  were  designed  to  eliminate  ordinary 
temperature  effects.  The  gage  body  from  tip  to  tip  is 
made  of  the  alloy  "invar",  and  further  compensation 
is  obtained  through  the  use  of  a  pair  of  dissimilar 
metals  in  the  long  (or  stylus)  arm  of  the  bell-crank  lever. 

The  accuracy  of  the  gages  is  sufficient  to  permit  the 
determination  of  stress  in  concrete  to  within  20  or  25 
pounds  per  square  inch,  where  dependence  is  placed 
upon  a  single  observation. 

*  An  Improved  Recording  Strain  Gage,  by  L.  W.  Teller,  Public  Roads,  vol. 
14,  no.  10,  December  1933. 
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The  strain  gage  is  approximately  6  inches  in  length. 
Early  in  the  consideration  of  the  program  the  question 
was  raised  as  to  whether  or  not  a  gage  of  this  length 
would  record  maximum  strains  when  used  under 
bearing  blocks  of  the  sizes  that  it  was  desired  to  use. 
This  matter  was  investigated  rather  thoroughly  by 
using  special  gages  of  various  lengths  placed  under 
bearing  blocks  of  a  range  of  sizes,  and  the  data  obtained 
indicated  quite  conclusively  that  the  gages  woidd  record 
the  maximum  strain,  provided  that  the  entire  gage  and 
gage  points  were  within  the  circumference  of  the 
bearing  plate  and  that  the  axis  of  the  gage  lay  along 
one  of  the  diameters  of  the  plate.  Theoretically,  the 
stress  is  not  exactly  uniform  across  the  area  of  the 
slab  under  the  bearing  plate,  and  it  is  probable  that, 
had  it  been  possible  to  measure  strains  with  greater 
precision,  the  variation  due  to  length  of  gage  would 
have  been  detected.  With  the  apparatus  described, 
however,  the  same  maximum  unit  strain  was  indicated 
by  at  least  3  different  lengths  of  gage  under  bearing 
plates  of  several  sizes,  so  long  as  the  gages  were  placed 
in  accordance  with  the  2  provisions  mentioned  above. 
As  a  result  of  these  tests,  it  was  concluded  that  the 


Figure  14. — Recording  Strain  Gage  of  the  Type  Used  in 
This  Investigation  Mounted  Between  Two  Gage  Points. 

6-inch  gage  would  record  approximately  the  maximum 
strain  if  used  with  bearing  plates  with  a  diameter  of 
6  inches  or  more. 

In  use  the  gages  were  installed  between  two  small 
brass  posts  containing  drilled  and  reamed  gage  holes. 
These  posts,  %  by  ){  by  1%  inches  in  size,  were  set  into 
small  holes  drilled  in  the  surface  of  the  concrete  to  a 
depth  of  about  1  inch  immediately  before  each  test, 
being  held  in  place  with  plaster  of  pans.  Various  other 
;  cementing  materials  were  tried,  but  it  was  found  that 
with  time  the  posts  tended  to  work  loose  with  all  of 
them  and  that,  for  a  temporary  setting,  plaster  of  paris 
was  as  satisfactory  as  any  of  them  and  considerably 
more  convenient  to  use. 

As  usually  installed  the  axis  of  the  strain  gage  was 
one-fourth  of  an  inch  from  the  surface  of  the  concrete. 
This  caused  the  recorded  strain  to  be  greater  than  the 
strain  at  the  surface  of  the  pavement  by  an  amount 
that  depended  upon  the  relative  distances  of  the  gage 
and  that  surface  from  the  neutral  plane  of  the  pavement 
slab.  In  most  of  the  measurements,  it  was  therefore 
necessary  to  apply  a  small  correction  to  the  observed 
strains  in  order  to  compensate  for  the  gage  position. 
Figure  15  shows  an  installation  of  the  gages  for  a  load 
test  at  the  corner  of  a  slab  of  constant  thickness. 

i  DEFLECTIONS  MEASURED  WITH  CLINOMETERS 

Ihe  deflection  measurements  in  this  investigation 
were  made  with  the  clinometer  or  "level-bar"  shown  in 

18465—35 2 


Figure    15. — Arrangement   of   Strain    Gages   for   a   Load 
Test  at  the  Corner  of  a  Slab  of  Uniform  Thickness. 

figure  16.  This  instrument  was  built  especially  for  the 
project  from  a  design  developed  by  the  Bureau  in  con- 
nection with  a  recent  highway  bridge  research,5  the 
principle  of  the  instrument  being  the  same  as  that  of 
the  clinometer  loaned  by  the  American  Society  of 
Civil  Engineers  for  the  tests  of  the  Yadkin  River 
Bridge.6 

It  consists  of  a  rigid,  horizontal  steel  frame  carrying 
a  very  sensitive  spirit  level  in  its  upper  face  and  sup- 
ported by  a  vertical  leg  at  each  end.  One  of  these 
legs  is  of  fixed  length  while  the  length  of  the  other  is 
adjustable  by  means  of  a  fine  pitch  screw  operated  by 
a  knurled  hand  nut  at  the  top  of  the  instrument.  The 
amount  of  adjustment  made  with  this  nut  is  indicated 
in  thousandths  of  an  inch  by  a  micrometer  dial  on  the 
front  of  the  frame.  In  order  that  the  position  assumed 
by  the  instrument  when  it  is  placed  on  the  clinometer 
points  shall  always  be  the  same,  a  third  or  steadying 
leg  is  provided,  projecting  at  right  angles  from  the 
center  of  the  frame  and  turning  down  at  the  outer  end 
where  it  terminates  in  an  adjustable  foot. 

Small  brass  cylinders  were  grouted  into  holes  drilled 
in  the  pavement  surface  at  10-inch  intervals  along  the 


Figure  16. — Special  10-Inch  Clinometer  Used  for  Meas- 
uring Slab  Deflections.  The  Instrument  Is  Shown 
Resting  on  Small  Brass  Clinometer  Points  Set  Into 
the  Surface  of  the  Pavement. 

lines  of  desired  deflection  measurements.     The  upper  or 
exposed  face  of  each  of  these  contained  a  small  verti- 

4  Application  of  the  Freyssinet  Method  of  Arch  Construction  to  the  Rogue  River 
Bridge  in  Oregon,  by  Albin  L.  Gemeny  and  Conde  B.  McCullough.  Technical 
Bulletin  No.  2  of  the  Oregon  State  Highway  Commission,  Salem,  Oreg. 

0  Loading  Tests  on  a  Reinforced  Concrete  Arch,  reported  by  Albin  L.  Gemeny 
and  W.  F.  Hunter,  Public  Roads,  vol.  9,  no.  10,  December  1928. 
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cally  drilled  hole  and  also  a  narrow  horizontal  groove  or 
slot  with  beveled  edges.  The  direction  of  the  slot  was 
made  parallel  to  the  long  axis  of  the  clinometer  frame 
when  the  instrument  rested  on  the  points.  The  lower 
ends  of  the  2  main  clinometer  legs  are  sharp-pointed 
cones  and  in  setting  up  the  instrument  1  of  the  legs  is 
set  in  the  drilled  hole  in  the  top  of  1  of  the  clinometer 
points  and  the  other  leg  is  placed  in  the  slot  in  the 
adjacent  point.  Any  expansion  or  contraction  of 
either  the  instrument  or  the  concrete  causes  only  a  very 
slight  horizontal  displacement  of  the  leg  that  rests  in 
the  slot  and  this  movement  produces  no  error  in  the 
measurement  being  made. 

After  the  legs  of  the  clinometer  are  properly  set  in  the 
gage  points  the  instrument  is  carefully  adjusted  to  a 
level  position  by  rotating  the  knurled  hand  nut. 
When  level,  the  micrometer  dial  is  read.  The  clinom- 
eter is  then  moved  10  inches  to  the  next  gage  point 
and  the  operation  repeated.  Any  deflection  of  the 
slab  due  to  load  or  to  warping  will  change  the  relative 
elevation  of  the  clinometer  points  and  this  change  will 
be  measured  by  the  difference  in  the  adjustments 
necessary  to  level  the  clinometer  as  indicated  by 
differences  in  the  readings  of  the  micrometer  dial  before 
and  after  the  deflection  occurred.  The  operation  is 
simply  one  of  precise  leveling  along  the  line  of  installed 
points.  While  the  micrometer  dial  reads  directly  in 
thousandths  of  an  inch  it  was  found  practicable  to 
estimate  ten-thousandths.  The  design  of  the  adjusting 
mechanism  is  such  that  thread  wear  and  backlash  can- 
not introduce  an  error  in  successive  measurements. 

Benchmarks  or  reference  points  completely  inde- 
pendent of  the  pavement  were  used  to  fix  the  datum  for 
the  pavement  surfaces. 

TEMPERATURES  MEASURED  WITH  THERMOCOUPLES 

In  practically  all  of  the  load  tests  it  was  necessary 
to  reduce  the  influence  of  slab  warping  to  a  minimum. 
It  was  found  that  if  the  slab  was  kept  shaded  from  all 
direct  sunlight  and  covered  with  several  inches  of  dry 
straw,  the  temperature  differential  between  the  upper 
and  lower  surfaces  became  negligible  and  the  warping 
of  the  slab  was  so  small  that  its  influence  on  stress 
was  not  important.  Therefore,  these  precautions  were 
taken  in  all  tests  as  a  matter  of  regular  procedure. 
The  shade  and  straw  covering  are  shown  in  figure  11. 

Observations  to  determine  the  effects  of  the  tempera- 
ture and  moisture  conditions  within  and  surrounding 
the  test  sections  were  started  soon  after  the  pavement 
was  laid  and  have  been  continued  to  the  present  time. 
These  observations  included  extensive  temperature 
measurements,  moisture  determinations,  measurements 
of  the  changes  in  size  and  shape  of  the  slabs  resulting 
from  temperature  and  moisture  variations,  and  meas- 
urements of  the  strains  caused  by  these  variations  in 
various  parts  of  the  slab  structure. 

When  the  test  sections  were  built  a  number  of 
resistance  coil  thermometers  were  placed  in  the  slabs 
at  selected  points  to  furnish  the  temperature  data 
then  thought  necessary.  The  original  installations 
proved  to  be  inadequate  in  extent  and  several  of  the 
resistance  coils  ceased  to  function  for  some  reason  that 
could  not  be  determined.  It  was  found  also  that  the 
roils  used  had  a  time  lag  in  their  operation  that  was 
very  undesirable  for  the  work  to  be  done. 

It  became  necessary  to  make  other  provision  for 
measuring    the    temperatures   in    the    concrete.      The 


plan  adopted  was  to  build  two  small  slabs  of  concrete 
of  the  same  materials  and  proportions  as  were  used  in 
the  test  sections  and  to  install  in  these  copper-con- 
stantan  thermocouples  for  temperature  determination. 
These  slabs  were  each  4  feet  square  and  one  was  6 
and  the  other  9  inches  in  depth.  The  thermocouples 
were  installed  in  the  center  of  the  slab  area.  Before 
placing  the  concrete  two  thermocouples  were  placed 
in  the  subgrade  under  each  small  slab  at  depths  of 
2  inches  and  %  inch  respectively  and,  as  the  concrete 
was  being  placed,  additional  thermocouples  were  placed 
at  1-inch  intervals  from  the  bottom  of  each  slab  to  the 
top.  With  this  installation  it  was  possible  to  deter- 
mine not  only  the  differential  existing  between  the 
upper  and  lower  surfaces  but  also  the  complete  tem- 
perature gradient  from  one  to  the  other. 

Thermocouples  were  also  placed  at  the  top  and 
bottom  surfaces  of  the  four  constant-thickness  slabs. 

The  "average"  temperature  of  the  pavement  slabs 
as  used  in  connection  with  the  expansion  and  contrac- 
tion measurements  was  developed  from  the  data  ob- 
tained with  the  thermocouple  installations  in  the  small 
slabs.  A  pavement  slab  having  a  thickness  of  6  inches 
or  9  inches  was  assumed  to  have  an  "average"  tem- 
perature equal  to  the  mean  temperature  of  the  small 
slab  of  the  same  thickness  and  the  "average"  tempera- 
ture of  sections  having  a  thickness  between  6  and  9 
inches  was  obtained  by  interpolation,  assuming  a 
straight-line  variation  between  the  mean  temperatures 
of  the  6-inch  and  9-inch  slabs. 

MICROMETERS  USED   TO   MEASURE   CHANGES  IN  LENGTH 

Measurements  were  made  to  determine  the  extent 
of  both  the  daily  cycle  and  the  annual  cycle  of  dimen- 
sional changes  in  the  slabs.  These  measurements 
served  to  show  the  magnitude  of  the  changes  in  slab 
dimensions  that  were  caused  by  the  daily  and  annual 
variations  in  temperature  and  moisture  content,  and 
they  also  provided  a  means  for  determining  the  relative 
restraint  to  expansion  and  contraction  offered  by  the 
various  joint  designs. 

To  determine  the  absolute  changes  in  length  of  the 
slab  sections,  the  movements  of  the  slab  ends  with 
respect  to  fixed  reference  points  were  measured  with  a 
micrometer,  while  the  degree  of  restraint  offered  by  the 
joint  designs  was  determined  by  comparing  the  move- 
ment at  these  joints  with  that  at  the  free  ends  of  the 
same  slab. 

The  fixed  reference  points  referred  to  were  installed 
in  concrete  posts  cast  in  heavy  foundation  blocks 
several  feet  below  the  surface  of  the  ground,  the  posts 
themselves  being  completely  protected  from  lateral 
earth  pressure. 

Figure  17  shows  the  7-inch  micrometer  built  for  this 
purpose,  together  with  the  invar  reference  bar  used  for 
a  standard  of  length  in  these  measurements.  The 
guaranteed  coefficient  of  thermal  expansion  for  this 
material  is  0.8  X  10~6  per  degree  centigrade.  Its  change 
in  length  for  air  temperature  ranges  is  so  small  that 
for  the  purpose  of  the  tests  its  length  could  be  considered 
as  being  constant  throughout  the  year. 

The  measurements  with  this  micrometer  were  made 
between  the  tips  of  conical  gage  points  of  stainless 
steel  set  horizontally  in  the  upper  ends  of  short  steel 
posts  cemented  into  the  slab  surface,  one  on  either  side 
of  the  joint  (or  slab  end)  and  approximately  7  inches 
apart.    These  details  can  be  seen  in  figure  17. 
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Figure  17. — The  Special  7-Inch  Micrometer  Frame  and 
the  Invar  Reference  Bar  Used  for  Measuring  the 
Expansion  and  Contraction  of  the  Test  Sections. 

Some  additional  data  on  the  length  changes  occurring 
in  the  pavement  slabs  were  obtained  with  3  electric 
telemeters  that  were  embedded  in  3  of  the  slab 
panels  at  the  time  the  concrete  was  placed.  These 
instruments 7  were  installed  at  mid-depth  at  the  center 
of  the  longitudinal  axis  of  three  of  the  10-  by  20-foot 
panels.  They  were  intended  to  provide  data  in  connec- 
tion with  one  of  the  designs  but,  because  of  certain  diffi- 
culties that  will  be  discussed  later,  they  failed  to  do  so. 
They  did,  however,  furnish  valuable  information  regard- 
ing elongation  caused  by  both  temperature  and 
moisture. 


ACTION  OF  SLABS  DURING  WARPING  STUDIED 

The  magnitude  of  the  temperature  warping  in  the 
various  sections  was  determined  on  numerous  occasions 
over  a  period  of  about  3  years.  Measurements  were 
made  to  determine  the  warped  shape  of  an  entire  10-  by 
20-foot  panel.  The  degree  of  restraint  to  free  warping 
caused  by  the  different  joint  designs  was  studied  at 
selected  points  by  means  of  measurements  of  warping 
over  a  limited  area  near  the  joint  involved. 

The  necessary  temperature  data  for  these  studies  were 
obtained  from  the  thermocouple  installations  and  the 
shape  of  the  warped  surface  was  determined  by  clinom- 
eter measurements  along  the  lines  of  points  shown  in 
figure  9.  The  measurements  of  warping  with  the 
clinometer  were  referenced  to  fixed  points  or  bench 
marks  set  into  the  earth  shoulders.  Because  of  the 
time  that  was  necessary  to  take  readings  around  the 
entire  perimeter  of  a  10-  by  20-foot  slab,  frequently  the 
shape  of  the  slab  changed  sufficiently  to  develop  a  con- 
siderable error  of  closure.  Care  had  to  be  taken  to 
make  these  long  series  of  measurements  at  a  time  when 
the  conditions  producing  the  warping  were  not  changing 
too  rapidly. 

In  the  study  of  warping  some  attention  was  given  to 
the  strains  in  the  concrete  produced  by  the  forces  set  up 
by  the  warping  action  of  the  slab  itself  and  also  to  the 
relative  strains  produced  in  a  slab  of  given  design  by  a 
given  load  when  the  slab  was  both  warped  and  un- 
warped.  The  procedure  for  the  loading  and  strain 
measurement  involved  only  one  feature  that  was  differ- 
ent from  the  rest  of  the  strain  measurements.  To 
produce  warping  the  straw  cover  was  removed  and  the 
pavement  was  exposed  to  the  direct  rays  of  the  sun  for 
a  number  of  the  tests. 

'  For  a  description  see  Technologic  Paper  No.  247,  U.  S.  Bureau  of  Standards,  A 
New  Iilectric  Telemeter,  by  Burton  McCollum  and  0.  S.  Peters. 


Figure   IS. 


-A   Strain   Gage   Installation   for   Measuring 
Strains  Caused  by  Warping. 


The  very  nature  of  these  tests  required  a  wide  range 
of  temperature  and  strain  observations  that  were  con- 
tinuous over  the  complete  warping  cycle.  It  was 
thought  desirable,  therefore,  to  protect  the  strain 
gages  from  direct  sunlight  with  small  semicylindrical 
covers  as  shown  in  figure  18.  These  covers,  to  be 
described  in  a  subsequent  paper,  permitted  the  free 
circulation  of  air  around  the  gages  but  were  so  con- 
structed as  to  resist  heat  absorption.  The  purpose 
of  this  protection  was  to  keep  the  gages  at  the  same 
temperature  as  the  concrete  in  the  pavement. 

DIFFICULTY    ENCOUNTERED  IN  MEASURING    PRESSURE  OF  SLABS 
AGAINST  THE  SUBGRADE 

A  group  of  nine  soil  pressure  cells  was  placed  beneath 
the  6-inch  and  9-inch  slabs  of  constant  thickness, 
arranged  in  the  pattern  of  a  90°  cross.  These  cells 
were  installed  in  the  subgrade  with  their  diaphragm 
side  down  in  carefully  scraped  recesses  so  that  perfect 
bearing  was  obtained.  The  recesses  were  sufficiently 
deep  to  caase  the  back  of  the  cell  to  be  flush  with  the 
general  level  of  the  subgrade.  The  concrete  of  the 
slab  was  placed  on  these  cells  but  no  anchorage  was 
provided  to  fix  the  cells  to  the  concrete.  The  purpose 
of  these  installations  was  to  obtain  data  on  the  distri- 
bution of  a  load  to  the  subgrade  by  the  two  thicknesses 
of  slab.  Unfortunately,  these  data  were  never  ob- 
tained as  the  cells  under  both  slabs  failed  to  record 
pressure  before  the  load  tests  were  made. 

For  a  short  time  after  the  construction  of  the  sections 
the  cells  operated  and  such  pressure  data  as  were  ob- 
tained during  this  period  indicated  the  normal  fluc- 
tuations as  the  slab  warped  during  the  day.  In  the 
course  of  a  few  weeks  the  cells  ceased  to  record  pres- 
sure, indicating  that  a  separation  between  the  bottom 
of  the  slab  and.  the  back  of  the  cells  had  occurred. 
Whether  this  was  due  to  a  settlement  of  the  cells  or  a 
swelling  of  the  subgrade  that  raised  the  slab  more  than 
it  did  the  cells  is  not  known.  The  cells  were  not  em- 
bedded because  it  was  desired  to  maintain  the  full 
flexural  strength  of  the  slab.  Perhaps  some  anchorage 
attachment  on  the  backs  of  the  cells  that  would  have 
held  them  to  the  slab  without  reducing  the  slab  strength 
would  have  made  a  better  installation,  but  this  is  by 
no  means  certain. 
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AUXILIARY  TESTS  MADE 

A  consideration,  either  theoretical  or  experimental, 
of  the  structural  action  of  a  concrete  pavement  slab 
lying  on  an  earth  subgrade,  necessitates  either  assump- 
tions regarding  or  a  knowledge  of  the  physical  proper- 
ties of  the  concrete  and  of  the  subgrade.  Obviously, 
definite  data  developed  by  tests  are  to  be  preferred  to 
any  assumptions  that  may  be  made. 

The  auxiliary  tests  made  in  connection  with  this 
investigation  were  planned  to  develop  information 
concerning: 

(a)  The  concrete — 

1.  Strength  in  compression  and  in  flexure. 

2.  Stress-strain  relation  in  compression  and  in 

flexure. 

3.  Effect  of  moisture  content  on  the  strength 

and  elastic  properties. 

4.  Thermal  properties. 

(b)  The  subgrade — 

1.  Resistance  offered  by  the  subgrade  to  hori- 

zontal slab  movement. 

2.  Resistance  offered  by  the  subgrade  to  vertical 

slab  movement  (or  deflection)  including  an 
attempt  to  evaluate  the  support  offered  to 
the  slab  by  the  subgrade  under  the  test 
sections. 


Figure  19. — Apparatus  Used  for  Determining  the  Stress- 
Strain  Relation  for  Concrete  in  Flexure. 

Although  the  auxiliary  tests  are  grouped  here  in  the 
description  of  test  procedure,  most  of  the  tests  were 
carried  out  as  separate  investigations  and  the  discus- 
sions of  the  data  obtained  will  appear  in  the  particular 
parts  of  the  report  with  which  they  are  concerned.  In 
one  or  two  cases  these  collateral  investigations  proved 
to  be  sufficiently  comprehensive  and  general  to  warrant 
a  more  detailed  presentation  elsewhere  and,  in  those 
cases,  only  the  facts  that  have  a  direct  bearing  on  the 
major  research  will  be  included  in  this  report,  leaving  the 
detailed  description  of  what  was  done  to  a  separate 
report. 

STRESS-STRAIN    RELATION    AND    COEFFICIENT   OF    EXPANSION    OF 
CONCRETE  DETERMINED 

The  strength  tests  of  the  concrete  were  made  to 
determine  the  ultimate  strength  in  compression  and  in 
flexure  so  that  safe  working  stress  limits  might  be  fixed. 


Figure  20. — Apparatus  Used  for  Determining  the  Resist- 
ance of  the  Subgrade  to  Horizontal  Movement  of  the 
Pavement. 

The  procedure  followed  in  making  these  tests  was  simply 
that  of  good  testing  practice  and  included  no  unusual 
features.  It  will  not  be  described  therefore.  The  data 
obtained  have  already  been  given  on  page  148. 

The  determination  of  the  stress-strain  relations  in 
compression  and  in  flexure  was  a  matter  of  considerable 
importance  because  of  the  direct  application  of  the 
data  to  the  analysis  of  the  slab  tests.  Effort  was  made 
to  have  the  tests  comprehensive  as  to  scope  and  precise 
as  to  technique  to  develop  thoroughly  reliable  data. 
The  stress-strain  relation  in  compression  was  deter- 
mined from  tests  on  cores,  using  an  extensometer  of 
the  Martens'  type.8  These  cores  were  drilled  from  the 
small  sections  provided  for  the  purpose  and  the  pro- 
gram included  tests  on  both  wet  and  dry  specimens. 

For  the  determination  of  the  stress-strain  relation  in 
flexure  on  the  sawed  beams,  use  was  made  of  equip- 
ment designed  in  the  bureau  for  this  particular  pur- 
pose and  shown  in  figure  19.  This  apparatus  consists 
of  two  frames  that  are  clamped  around  the  flexure 
specimen  either  side  of  the  midspan  and  far  enough 
apart  to  permit  the  installation  of  a  recording  strain 
gage  near  the  top  and  bottom  on  each  side  of  the 
beam.  Each  frame  makes  contact  with  the  specimen 
at  two  points  on  each  side  of  the  beam.  These  points 
are  small  chisel-edged  studs  projecting  from  the  inside 
of  the  frame  directly  opposite  the  points  where  the 
ends  of  the  strain  gages  make  contact  with  the  frame 
and  are  held  tightly  to  the  specimen  by  tightening 
the  transverse  tie  bolts  of  the  frame.  When  the  speci- 
men is  flexed  the  strain  gages  record  the  amount  of 
length  change  that  occurs  between  the  frames  on  either 
side  of  the  beam  and  in  both  tension  and  compression. 
The  load  was  applied  at  the  third  points  of  the  span 
and  the  deflection  of  the  specimen  at  mid-span  was 
measured  with  micrometer  dials  arranged  on  either 
side.  The  equipment  for  load  application  and  for 
deflection  measurement  was  omitted  in  figure  19  so 
that  the  details  of  the  strain-measuring  apparatus 
could  be  seen  to  better  advantage. 

Flexure  specimens  in  both  the  wet  and  dry  states 
were  included  in  these  tests.  Since  the  concrete  in 
the  pavement  slabs  contained  moisture  and  the  mois- 
ture content  of  the  concrete  was  assumed  to  vary,  it 
seemed  desirable  to  develop  any  information  possible 
relative  to  the  variations  in  moisture  in  the  pavement 
slabs  and  also  as  to  the  effect  of  moisture  condition  on 
the  physical  properties  of  concrete  similar  to  that  used 
in  making  the  slabs.  The  moisture  content  of  the 
slabs  was  determined  by  the  rather  crude  but  direct 

8,For  a  description  see  Handbook  of  Testing  Materials,  by  Prof.  Adolf  Martens, 
1st  ed.  1899  (authorized  translation  by  Gus  C.  Henning). 
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Figure  21. — Apparatus  Used  for  Determining  the  Resistance  of  the  Subgrade  to  Vertical  Displacement. 


method  of  weighing  and  drying  fragments  of  concrete 
broken  from  the  short  sections  of  pavement  provided 
for  test  specimens  of  all  lands.  The  moisture  content 
of  the  test  specimens  was  also  determined  by  weighing. 

The  coefficient  of  thermal  expansion  of  the  concrete 
was  determined  by  a  method  developed  for  these  tests. 
Concrete  of  the  same  materials  and  proportions  as  were 
used  in  the  pavement  sections  was  placed  in  a  cylin- 
drical mold  12  inches  in  diameter  and  24  inches  high 
and  made  of  a  very  light-gage  sheet  copper.  This  mold 
was  in  reality  a  large  can  with  a  watertight  bottom  and 
top.  An  electric  telemeter  was  installed  at  the  mid- 
point of  the  longitudinal  axis  of  the  cylinder.  The 
concrete  was  introduced  through  an  opening  in  the  top 
of  the  can  and  as  soon  as  the  surface  of  the  concrete 
was  within  about  half  an  inch  of  the  top  of  the  mold 
this  opening  was  sealed  off  by  soldering  on  a  cover 
plate.  This  effectively  retained  within  the  copper 
jacket  all  of  the  moisture  originally  in  the  concrete. 

After  the  concrete  had  set  and  the  heat  of  setting 
had  been  dissipated,  the  sealed  specimen  was  placed  in 
an  insulated  water  bath,  the  temperature  of  which  was 
placed  at  different  levels  within  the  range  of  normal 
air  temperatures,  and  maintained  at  each  until  com- 
plete temperature  equilibrium  was  established.  The 
unit  changes  in  length  accompanying  the  various  changes 
in  temperature  were  measured  with  the  embedded 
telemeter.  This  furnished  a  simple  and  apparently 
satisfactory  method  for  the  determination.  The  mass 
of  concrete  was  large  enough  to  be  representative  and 
the  usual  difficulties  due  to  moisture  changes  in  the 
specimen  were  avoided  by  using  a  watertight  envelope. 

RESISTANCE  OP  SUBGRADE  TO  HORIZONTAL  AND  VERTICAL 
MOVEMENT  STUDIED 

The  tests  made  on  the  subgrade  in  place  were 
planned  with  two  objects  in  mind:  First,  to  determine 


the  character  of  the  resistance  that  the  subgrade  offered 
to  horizontal  movement  of  the  slab;  and  second,  to 
find  out  what  resistance  the  subgrade  offered  to 
vertical  movement  of  the  slab  (such  as  deflection  under 
load)  and,  if  possible,  to  develop  some  means  for 
evaluating  this  resistance  in  terms  that  would  be 
applicable  to  pavement  design. 

The  first  tests  were  made  with  4  slabs,  each  4  feet 
square  and  6  inches  thick,  placed  on  the  same  subgrade 
as  the  large  test  sections.  The  general  method  of 
test  was  to  move  these  small  slabs  horizontally,  very 
slowly,  alternately  forward  and  backward  by  total 
amounts  that  equalled  approximately  the  annual  cycle 
of  expansion  and  contraction  of  the  large  pavement 
sections.  The  thrust  necessary  to  cause  horizontal 
movement  and  the  magnitude  of  the  displacement 
caused  by  the  thrust  were  measured  from  the  time 
that  the  first  detectable  movement  took  place  until 
the  total  desired  displacement  had  been  attained. 

Figure  20  shows  the  apparatus  set  up  for  one  of  these 
tests.  In  this  figure,  A  is  a  jack  used  to  develop  the 
thrust,  B  is  a  spherical  bearing  block  that  controls  the 
line  of  the  thrust,  C  is  a  steel  beam  whose  deflection, 
as  indicated  by  the  micrometer  dial  D,  measures  the 
magnitude  of  the  thrust,  E  is  the  frame  supporting  the 
steel  beam  and  the  dial,  F  is  the  small  slab,  G  is  the 
micrometer  dial  that  measures  the  horizontal  displace- 
ment of  the  slab,  and  H  is  a  rigid  member  used  to  support 
the  dial  G. 

The  second  group  of  subgrade  tests  may  be  described 
generally  as  load-deflection  tests  on  circular  bearing 
plates  in  intimate  contact  with  the  subgrade.  The 
diameters  of  the  plates  used  were  2, 4,  6, 8, 12, 16,  20,  26, 
36,  54,  and  84  inches.  The  two  larger  sizes  were  con- 
crete disks  cast  on  the  subgrade,  the  others  were  steel 
plates  bedded  in  a  Jo-inch  layer  of  mortar  placed  on  the 
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subgrade,  but  separated  from  it  by  a  layer  of  water- 
proofed paper  so  that  the  moisture  content  of  the  soil 
would  not  be  altered. 

Figure  21  shows  the  loading  equipment  set  up  over 
the  84-inch  bearing  plate.  It  will  be  observed  that  the 
loads  were  applied  on  these  plates  in  the  same  manner 
as  on  the  pavement  sections.  For  the  very  small  plates 
a  system  of  dead-load  increments  was  used.  Vertical 
displacements  were  measured  with  respect  to  fixed  ref- 
erence points  by  means  of  the  clinometer  shown  in  the 
figure.  Generally  these  measurements  were  made  at 
three  points  120°  apart  around  the  periphery  of  the 
plates,  although  in  some  cases  the  measurements  were 
made  at  the  midpoint.  In  general  the  loads  applied 
were  such  that  a  vertical  displacement  would  be  pro- 
duced that  approximated  in  magnitude  the  observed 
deflections  of  the  pavement  slabs.  The  deflection  of  a 
slab  corner,  for  example,  was  found  to  be  approximately 
0.05  inch,  the  slab  edge  0.02  inch,  and  the  ulterior  of  the 


panel  0.01  inch  for  a  load  that  did  not  overstress  the 
concrete. 

In  making  the  tests  on  the  subgrade,  vertical  displace- 
ments of  0.005,  0.010,  0.020,  0.035,  and  0.050  inch  were 
obtained  in  nearly  all  cases.  For  each  displacement 
value,  several  loads  were  applied  until  a  given  load  pro- 
duced the  same  deflection  each  tune  it  was  applied. 
Each  load  was  applied  for  5  minutes  and  then  released 
for  5  minutes  before  being  applied  again.  In  planning 
these  tests  it  seemed  desirable  to  arrange  the  procedure 
so  that  the  subgrade  would  be  subjected  to  the  same 
conditions  as  would  obtain  under  the  loaded  pavement 
slab,  as  nearly  as  possible.  For  this  reason  the  rate  of 
loading  and  the  orders  of  magnitude  of  subgrade  defor- 
mation were  made  to  correspond  very  closely  as  noted 
above.  The  moisture  content  of  the  soil  was  deter- 
mined before  and  after  each  test  and  protection  from 
sunshine  and  rainfall  was  provided. 
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C~MESTONES  include  those  rocks  that  are  composed 
principally  of  calcium  carbonate  with  varying 
amounts  of  other  materials,  chiefly  silica,  magnesia, 
alumina,  and  iron  oxide.  Their  physical  characteris- 
tics vary  from  the  crystalline  marbles  and  consolidated 
true  limestones  to  the  unconsolidated  shell  marls.  This 
report  is  concerned  with  the  less  consolidated  grades  of 
limestone,  known  locally  as  "limerocks",  that,  because 
of  their  availability,  are  used  extensively  in  the  construc- 
tion of  road  surfaces  and  base  courses  in  the  Southeast- 
ern States. 

ORIGIN  OF  LIMEROCKS  DISCUSSED" 

Geologically,  the  limestones  belong  to  the  sedimen- 
tary group  of  rocks,  or  those  that  are  composed  of  mate- 
rials from  older  rocks  that  have  undergone  disintegra- 
tion and  have  been  redeposited  either  on  land  or  in 
water  by  physical,  organic,  or  chemical  agencies.  The 
following,  more-detailed  discussion  of  this  process  deals 
only  with  the  formation  of  limestone  in  water,  because 
the  limerocks  discussed  in  this  report  are  chiefly  of 
marine  origin. 

Lime  (CaO)  is  widely  distributed  throughout  the 
earth's  crust.  Because  of  its  chemical  activity  it  is  al- 
ways found  in  combination  with  other  elements,  ch;efly 
as  calcium  carbonate  (CaCO;t),  in  the  form  of  lime- 
stone, calcite,  and  marine  and  fresh-water  shells.  It 
is  not  readily  soluble  in  pure  water,  but  is  soluble  in 
water  charged  with  carbon  dioxide  (C02),  resulting  in 
carbonic  acid  (H2C03). 

Rain  water  becomes  carbonic  acid  by  absorbing- 
carbon  dioxide  from  the  air  or  by  contact  with  decaying 
vegetable  matter.  This  acidulated  water  percolating 
through  soil  and  rock  materials  takes  calcium  carbonate 
into  solution  as  calcium  bicarbonate  CaH2(C03)2. 
While  still  in  solution  the  lime  is  carried  by  streams 
and  rivers  to  the  ocean  where  conditions  are  favorable 
for  deposition. 

The  deposition  of  calcium  carbonate  to  form  lime- 
stone is  effected  through  two  main  processes:  First, 
the  activity  of  organisms  that  remove  calcium  carbonate 
from  solution  to  form  shells;  and  second,  the  removal 
of  carbon  dioxide  by  chemical  and  physical  agencies, 
such  as  evaporation,  aeration,  and  activity  of  bacteria 
and  algae,  with  resultant  supersaturation  with  and 
precipitation  of  calcium  carbonate. 

In  an  ideal  case  with  both  of  these  processes  func- 
tioning, the  sea  floor  becomes  covered  with  more  or 
less  worn  and  broken  shells  and  the  remains  of  lime- 
secreting  sea  plants,  bound  together  by  an  amorphous 
mass  of  calcium  carbonate  precipitated  by  different 
chemical  reactions.  If  the  bed  becomes  buried  under 
newer  sediments  due  to  sinking  of  the  sea  floor,  the 
pressure  causes  further  consolidation  and  partial  crys- 
tallization. If  it  becomes  exposed  by  rising  of  the  sea 
floor,  rain  water  will  leach  out  the  calcium  carbonate 
from  the  upper  layers  and  redeposit  and  partially 
Crystallize  it  in  the  lower  layers,  thus  effecting  further 
consolidation.  The  degree  of  consolidation  has  much 
|o  do  with  the  classification  of  limestones,  which  differ 

1  This  discussion  of  the  origin  of  limerocks  and  the  distribution  of  the  Florida  depos- 
ts  is  based  on  A  Preliminary  Report  on  the  Limestones  and  Marls  of  Florida,  by 
tuart  Mossom,  sixteenth  annual  report,  Florida  Geological  Survey,  1925. 


widely  in  composition,  hardness,  texture,  and  color. 
The  one  property  common  to  all  limestones  is  the  pre- 
dominance of  calcium  carbonate. 

With  respect  to  physical  appearance,  the  limerocks 
of  the  Southeastern  States  may  be  grouped  as  follows: 

1.  Sernicrystalline. — Hard,  rather  compact  limestone, 
originally  soft  but  recrystallized  and  consolidated  by 
the  action  of  water.  Examples  are  found  in  all  lime- 
rocks that  have  been  exposed  to  weathering  and  perco- 
lating water. 

2.  Fossiliferous. — Any  limestone  composed  chiefly  of 
fossil  shells  or  other  animal  remains.  All  limerocks  are 
fossiliferous  in  varying  degrees. 

3.  Shell. — Limerock  composed  almost  entirely  of 
shells  or  shell  fragments. 

4.  Chalky. — Partly  consolidated  limestone  composed 
of  microscopic  shells  and  shell  fragments. 

5.  Oolitic. — Limerock  composed  of  tiny  nodules  of 
crystalline  calcium  carbonate  held  together  by  a  cal- 
careous cement. 

6.  Sandy. — Limerock  into  which  sand  has  been  in- 
corporated by  the  action  of  water  currents  and  waves. 

7.  Cherty  or  flinty.- — Limerock  containing  nodules  or 
bands  of  chert  or  flint.  Chert  is  amorphous  silica 
formed  from  spicules  of  sponges  and  other  siliceous 
ii intter  by  the  action  of  ground  water. 

8.  Marl. — An  indefinite  term  applied  to  any  soft, 
earthy  mass  containing  varying  quantities  of  lime, 
clay,  sand,  and  carbonaceous  material.  The  lime  con- 
tent frequently  is  in  the  form  of  marine  or  fresh-water 
shell  fragments. 

LOCATIONS  AND  CHARACTERISTICS  OF  LIMEROCKS  DESCRIBED 

The  limerocks  are  found  in  greatest  abundance 
throughout  Florida  and  in  the  southern  portions  of 
Georgia  and  Alabama.  The  principal  workable  de- 
posits in  Florida  are  known  as  the  Ocala,  Marianna, 
Miami  Oolite,  Tampa,  Glendon,  and  Coquina  forma- 
tions, and  also  include  extensive  deposits  of  undifferen- 
tiated marls.  The  physical  characteristics  and  general 
locations  of  these  deposits  are  as  follows: 

1.  Ocala. — The  Ocala  formation  consists  of  a  cream- 
white,  soft,  porous,  granular  limestone  that  bleaches  to 
a  chalk-white  on  exposure  (see  fig.  1).  Some  portions 
are  hard  and  sernicrystalline,  and  in  some  localities  it 
contains  nodules  and  layers  of  chert.  On  the  whole  it 
is  very  uniform  in  texture  and  composition,  containing 
as  high  as  99.6  percent  calcium  carbonate. 

Although  the  Ocala  limestone  presumably  underlies 
the  whole  State  to  a  thickness  of  more  than  400  feet,  it 
is  exposed  over  a  comparatively  limited  area  about  50 
by  150  miles  in  extent  in  the  northwestern  portion  of 
the  peninsula,  adjacent  to  and  paralleling  the  Guff  of 
Mexico,  and  in  a  small  area  in  western  Florida  just 
below  the  Alabama  fine. 

2.  Marianna.- — The  Marianna  is  a  very  pure,  soft, 
chalk-like  limestone,  cream-yellow  when  fresh  and  chalk- 
white  when  bleached  by  exposure.  Recent  excavations 
have  revealed  that  it  contains  a  considerable  amount 
of  argillaceous  material  scattered  throughout.  The 
Marianna  overlies  the  Ocala  formation  to  a  known 
thickness  of  33  feet.     It  is  exposed  over  a  small  area 
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surrounding  the  town  of  Marianna  in  Jackson  County, 
Fla. 

3.  Glendon.- — The  Glendon  limestone  consists  of 
minute  fossils  bound  together  by  amorphous  lime 
material.  It  is  much  more  compact  and  not  as  powdery 
as  the  Ocala  limestone.  The  outcroppings  of  this  rock 
cover  a  considerable  area  in  western  Florida  and  extend 
into  southeastern  Alabama. 

4.  Tampa. — The  Tampa  limestone  varies  from  a 
hard,  semicrystalline,  cream-colored  or  light-gray  rock 
to  a  rather  soft,  amorphous  material  containing  scat- 
tered masses  of  dense,  crystalline  limestone.  The  prin- 
cipal deposits  are  located  in  the  western  portion  of  the 
peninsula  near  the  city  of  Tampa,  also  in  the  extreme 
northeastern  portion  of  the  peninsula,  and  to  a  limited 
extent  in  western  Florida. 

5.  Miami  Oolite. — The  typical  rock  of  this  formation 
is  a  soft,  white,  pure  (95  percent  calcium  carbonate), 
oolitic  limestone  with  occasional  irregular  layers  of 
calcite  (see  fig.  1).  In  places  rounded  grains  of  white 
sand  are  intermixed,  sometimes  occurring  in  lenses  or 
pockets.  The  rock  hardens  on  exposure  to  air  and 
water.  Miami  Oolite,  known  locally  as  "Ojus"  rock, 
occurs  in  a  rather  narrow  strip  along  the  coast  of  south- 
eastern Florida. 

G.  Coquina. — The  Coquina  limestone  occurs  in  three 
principal  phases.  The  first  is  composed  entirely  of 
small,  clean  shells  and  shell  fragments,  usually  uncon- 
solidated but  with  hard  ledges  of  firmly  cemented 
shells  near  the  top  of  the  deposit  (see  fig.  1).  The 
second  phase  consists  of  finely  crushed  shells  closely 
cemented  into  a  hard,  compact  rock.  The  third  phase 
contains  finely  crushed  shells  and  a  large  quantity  of 
sand  grains,  cemented  together  by  the  calcium  car- 
bonate of  the  shells.  In  the  latter  phase  it  is  more  a 
calcareous  sandstone  than  a  sandy  Coquina.  The 
Coquina  deposits  are  located  chiefly  in  a  narrow  strip 
along  the  eastern  coast  of  the  peninsida. 

7.  Marls. — Marl  deposits  of  various  compositions  are 
distributed  over  an  extensive  area  in  the  lower  third  of 
the  peninsida  and  in  scattered  localities  in  northern  and 
western  Florida. 

In  Georgia  the  principal  limerock  deposits  are  found 
in  a  comparatively  narrow  strip  extending  from  the 
southwestern  corner  of  the  State  in  a  northeasterly 
direction  to  the  Atlantic  coast.  The  limerocks  in  most 
of  this  strip  arc  of  the  Jackson  group,  of  which  Ocala 
limestone  is  the  upper  formation,  and  therefore  they 
are  somewhat  similar  to  Ocala  limestone  in  physical 
characteristics.  The  limestones  in  the  northern  por- 
tion of  this  strip  arc  principally  marls  that  are  also 
distributed  in  scattered  localities  throughout  the  south- 
eastern portion  of  the  State. 

Outcroppings  of  the  Ocala,  Glendon,  and  Marianna 
formations  are  also  found  in  Alabama.  The  Glendon 
limerock  appears  as  an  extension  of  the  Florida  deposits 
in  the  southeastern  portion  of  the  State.  The  Ocala 
and  Marianna  formations  are  found  in  the  extreme 
southeastern  corner  of  the  State  as  extensions  of  the 
Florida  deposits,  and  they  also  appear  in  limited  areas 
in  the  southwestern  portion  of  the  State  east  of  the 
Tombigbee  River.  As  in  Florida  and  Georgia,  marl 
deposits  are  also  distributed  in  scattered  areas  through- 
out the  southern  portion  of  the  State. 

ROAD  CONSTRUCTION  METHODS  USING  LIMEROCK 

Mining  of  the  limerocks  is  all  open-pit  work  after 
the  overburden  of  soil  has  been  removed  by  power 


Figure  1. — Typical  Samples  of  Limerocks:  A,  Ocala  Lime- 
rock. The  Left  Half  is  Hard  and  Semicrystalline,  the 
Right  Half  is  Soft  and  Porous.  B,  Miami  Oolite;  C, 
Shell-Phase  Coquina  Limerock. 

shovels  (see  fig.  2).  Although  the  rock  is  sometimes  so 
soft  that  it  can  be  scraped  from  the  face  of  the  pit  by 
the  shovels,  it  is  usually  fractured  and  loosened  by 
blasting  to  facilitate  handling.  It  is  conveyed  to  crush- 
ers, crushed  to  the  fineness  required,  and  either  loaded 
directly  or  stored.  Although  in  most  of  the  deposits 
the  limerock  is  soft  and  powdery,  crushing  is  usually 
necessitated  by  the  occurrence  of  harder  masses.  Most 
pits  are  worked  to  the  depth  of  the  water  table.  How- 
ever, Miami  Oolite  is  mined  by  means  of  dredges  to  a 
depth  of  as  much  as  30  feet  below  the  water  table. 

Some  of  the  harder,  semicrystalline  portions  of  lime- 
rocks, of  which  limited  quantities  occur  in  a  number  of 
the  principal  formations,  are  suitable  for  use  in  mac- 
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Figure   2. — Methods   of    Mining   Limerocks:    A,    Open-Pit 
Mining  of  Ocala  Limerock;  B,  Dredging  of  Miami  Oolite. 

adam  surfacing  or  as  concrete  aggregate.  The  bulk  of 
the  limerocks  are  too  soft  for  these  purposes,  however, 
and  are  used  in  granular  form  in  the  construction  of  base 
courses  and  low-type  road  surfaces. 

Limerock  base  courses  are  usually  constructed  in  two 
layers.  The  construction  procedure,  while  subject  to 
minor  variations  depending  upon  the  type  of  limerock 
[being  used,  is  substantially  as  follows: 

Side  forms  of  sufficient  height  to  confine  the  uncom- 
pleted material  are  placed  (see  fig.  3).  Final  prepara- 
tion of  the  subgrade  is  completed  by  means  of  templets. 
The  limerock  first  arriving  is  dumped  adjacent  to  and 
then  spread  over  the  prepared  subgrade  to  a  depth  equal 
to  approximately  half  the  thickness  of  the  finished  base. 
Subsequent  loads  are  hauled  over  and  dumped  on 
fnaterial  already  placed  and  spread  on  the  subgrade  as 
at  the  start  of  construction,  care  being  taken  at  all 
times  to  avoid  dumping  the  rock  directly  on  the  sub- 
grade. 

During  the  dumping  and  spreading  operations  the 
limerock  is  thoroughly  saturated  with  water  unless  it 
s  sufficiently  moist  when  received.  Immediately  after 
spreading,  the  limerock  is  thoroughly  compacted  by 
^oiling.  Not  more  than  1  day's  spread  of  material  is 
blaced  before  the  second  course  is  started. 
!  Before  placing  the  second  layer,  the  first  layer  is 
bladed  to  a  uniform  surface  and  thoroughly  watered 
|o  obtain  bonding  between  the  two  layers.  The 
Material  for  the  second  layer  is  spread  to  a  depth  suffi- 
cient to  insure  the  required  thickness  of  finished  base. 
;.t  is  then  thoroughly  watered  and  rolled  until  the  entire 
>ase  is  dense  and  unyielding. 

After  the  second  course  has  been  rolled,  the  entire 
urface  is  scarified,  shaped  to  the  desired  cross  section, 
|nd  again  watered  and  thoroughly  rolled.  Rolling 
^  continued  until  the  entire  depth  of  base  course  is 


bonded  and  compacted  and  its  surface  is  true  to  grade 
and  cross  section. 

The  surface  is  then  checked  with  a  templet  and 
straightedge,  and  the  thickness  of  the  base  is  checked 
by  borings  at  regular  intervals.  Any  deficiencies  in 
smoothness  and  thickness  are  corrected,  and  the  base 
course  is  then  opened  to  traffic  for  a  curing  period. 

After  the  curing  period  the  base  is  given  a  light  blad- 
ing to  correct  any  pitting  caused  by  traffic;  following 
this  a  bituminous  prime  coat  is  applied.  After  the 
prime  coat  has  cured  for  a  short  period,  the  bituminous 
wearing  course  is  placed  (see  fig.  4). 

LIMEROCKS  GROUPED  ACCORDING  TO  QUALITY 

For  the  purpose  of  determining  the  tests  most  suitable 
for  distinguishing  between  the  satisfactory  and  unsatis- 
factory varieties  of  limerock,  samples  representative  of 
conspicuous  performance  and  of  roads  under  different 
climatic  and  traffic  conditions  were  tested  in  labora- 
tories of  the  Bureau.  The  tests  ordinarily  made  on 
similar  road-building  materials  were  performed. 

Samples  were  obtained  from  quarries  or  pits  that 
supplied  material  for  base  courses  of  known  perform- 
ance and  from  base  courses  actually  constructed  in 
Florida,  Georgia,  and  Alabama.  These  samples  were 
furnished  by  the  State  highway  departments.  Infor- 
mation on  the  quality  or  performance  of  the  materials 
represented  was  supplied  by  the  highway  departments 
and  by  a  Bureau  representative. 

The  various  degrees  of  quality  or  performance  of  the 
materials  investigated  have  been  designated  by  the 
terms  "excellent",  "good",  "fair",  or  "poor" 

The  limerocks  considered  as  excellent  provide  stable 
base  courses  under  practically  all  conditions  They 
have  no  plasticity  and  do  not  shrink  appreciably  on 
drying.  They  are  readily  machined  and  finished,  and 
practically  any  faults  resulting  from  errors  in  construc- 
tion can  be  corrected  without  detriment  to  the  quality 
of  the  material. 

The  limerocks  considered  as  good  are  usually  satis- 
factory if  ordinary  care  is  observed  in  construction. 
These  materials  have  little  shrinkage  and  are  only 
slightly  plastic.  They  provide  a  dull,  closely-knitted 
surface  when  wetted  and  rolled,  and  are  not  slippery 
when  wet.  Excessive  watering  during  construction, 
however,  may  result  in  their  breaking  down  under 
manipulation  to  the  extent  that  proper  curing  cannot 
be  effected.  Also,  hauling  over  such  materials  when 
newly  laid  sometimes  prevents  bonding. 

The  limerocks  classified  as  fair  are  similar  in  most 
respects  to  the  good  varieties  and  are  just  as  capable  of 
giving  satisfactory  service  when  first-class  construction 
methods  are  used.  However,  they  are  less  resistant 
than  the  good  limerocks  to  failure  in  the  presence  of 
moisture  such  as  would  result  from  continued  wet 
weather. 

The  limerocks  considered  as  poor  have  never  given 
entirely  satisfactory  results  as  base  course  materials. 
Field  observations  show  that  these  materials  are  highly 
plastic  and  are  slippery  when  wet.  In  finishing  base 
courses  constructed  of  some  of  these  limerocks  a  scum 
is  formed,  often  to  a  depth  of  one-half  inch.  This  scum 
shrinks  and  cracks  on  drying  and  must  be  removed  by 
blading.  None  of  the  poor  limerocks  can  be  used  ex- 
cept when  dry.  They  cannot  be  used  with  any  assur- 
ance of  satisfactory  results  except  possibly  in  the  lower 
layer  of  base  courses  on  unusually  good  sandy  sub- 
grades,  or  when  combined  with  at  least  an  equal  pro- 
portion of  sand  or  other  granular  material. 
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Figure  3. — Base-Course  Road  Construction  Operations  Using  Limerock;  A,  Subgrade  Preparation.  The  Side  Forms 
Are  in  Place.  B,  Dumping,  Spreading,  and  Watering  Limerock;  C,  Blading  and  Finishing  Operations;  D,  Finished 
Base   Course  Ready  for  Prime    Coat. 


The  materials  investigated  were  grouped  according 
to  the  foregoing  designations,  the  groups  being  num- 
bered consecutively  from  1  to  4  in  the  order  of  their 
discussion. 

VARIOUS  LABORATORY  TESTS  PERFORMED 

The  laboratory  examinations  of  the  limerock  samples 
included  chemical  analyses,  mechanical  analyses,  the 
Page  tests,  and  determinations  of  the  subgrade  soil 
constants. 

The  chemical  analyses  disclosed  the  percentages  of 
calcium  carbonate,  magnesium  carbonate,  and  combined 
silica,  alumina,  and  iron  oxide. 

The  Page  tests,  the  procedures  for  which  are  de- 
scribed in  United  States  Department  of  Agriculture 
Bulletin  347,  disclosed  the  cementing  value  and  time 
of  slaking. 

The  subgrade  soil  constants  determined  for  the  lime- 
rocks  were  liquid  limit,  plasticity  index,  shrinkage  limit, 
shrinkage  ratio,  centrifuge  moisture  equivalent,  field 
moisture  equivalent,  volumetric  change,  and  floccula- 
cion  factor. 

The  significance  of  all  these  constants,  except  the 
flocculation  factor,  and  the  procedures  for  their  deter- 
mination are  discussed  in  detail  elsewhere.2 

The  flocculation  factor  is  determined  as  follows:  Five 
cubic  centimeters  (absolute  volume)  of  the  powdered 
material  are  thoroughly  dispersed  in  39  cc  of  distilled 
water  and  1  cc  of  chemical  deflocculent  in  a  50-cc  glass- 
stoppered  graduate  and  permitted  to  settle.  The  floc- 
culation factor  is  the  ratio  of  pores  to  solids  in  the 
accumulated  sediment  at  the  end  of  24  hours. 

The  tests  were  performed  on  material  passing  a  no. 
40  sieve,  as  it  was  found  that  with  few  exceptions  the 

1  See  Public  Roads,  vol.  12,  nos.  4,  5,  and  8,  June,  July,  and  October  1931. 


samples  could  be  reduced  to  this  size  with  little  effort' 
This  material  may  be  considered  representative  of  the 
fine  or  binder  portions  of  the  base  courses  produced  by 
the  crushing  action  of  the  rolling  and  other  manipula- 
tion during  construction.  Whether  or  not  this  is  en- 
tirely true  does  not  invalidate  the  results  for  compara- 
tive purposes,  since  the  same  method  of  preparation 
was  used  for  all  samples. 

Chemical  composition. — The  results  of  the  chemical 
analyses  given  in  table  1  show  that  the  samples  of 
excellent  limerocks  contained  a  high  percentage  of  cal- 
cium carbonate,  averaging  98.3  percent.  However, 
table  1  shows  that  the  fair  limerocks  contained  an  aver- 
age of  97.1  percent  calcium  carbonate,  or  practically  as 
much  as  the  excellent  limerocks  contained.  On  the 
other  hand,  the  good  limerocks  (excluding  sample  no, 
24,  which  is  obviously  not  representative  of  the  chemical 
composition  of  this  group)  contained  considerably  less 
calcium  carbonate  than  the  excellent  limerocks,  averag- 
ing 91.1  percent.  Moreover,  the  poor  limerocks  con- 
tained practically  the  same  amount  of  calcium  carbonate 
as  the  good  limerocks. 

Likewise,  the  percentages  of  combined  silica,  alumina, 
and  iron  oxide  did  not  vary  according  to  the  quality  of 
the  material,  these  percentages  for  the  good  limerocks 
being  practically  the  same  as  those  for  the  poor  lime- 
rocks. The  average  magnesium  carbonate  contents  of 
the  inferior  materials  were  slightly  greater  than  those 
of  the  other  groups,  but  the  variation  was  not  consistent 
enough  to  serve  as  a  means  of  identification. 

It  is  thus  apparent  that  the  chemical  analysis  is  not 
an  efficient  indicator  of  the  quality  of  different  grades 
of  limerock  in  general.  However,  it  should  be  stated 
that  a  knowledge  of  the  calcium-carbonate  content  has 
been  found  by  field  experience  to  be  a  satisfactory  guide 
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Figure  4. — A,  Completed  Limerock  Base  Course  With 
Prime  Coat;  B,  Applying  Surface  Treatment;  C,  Surface 
Treatment  Completed  and  Highway  in  Use. 

in  the  selection  of  materials  within  certain  given  deposits 
or  formations. 

Cementing  and  slaking  values.— The  lack  of  correlation 
.between  the  cementing  value  and  reported  performance 
is  at  once  apparent  from  the  wide  variation  of  cementing 
values  within  each  of  the  groups.  Because  of  this  vari- 
ation the  average  value  for  each  group  has  little  sig- 
nificance. It  is  interesting  to  note,  however,  that  the 
average  cementing  value  of  the  poor  limerocks  was  nine 
times  that  of  the  excellent  limerocks.  The  usual  inter- 
pretation of  this  test,  that  the  higher  the  cementing 
value  the  better  the  material,  not  only  did  not  apply  in 
this  instance  but  was  completely  reversed.  The  erratic 
results  obtained  indicate  that  the  cementation  test, 
ipwever  interpreted,  is  a  very  uncertain  method  for 
listmguishing  between  satisfactory  and  unsatisfactory 
limerocks. 

The  average  times  of  slaking  for  the  poor  limerocks 
vere  practically  equal  to  those  for  the  good  limerocks. 
,uso,  there  was  no  consistent  difference  between  the 
laking  times  for  the  samples  of  excellent  and  fair  lime- 
ocke.  Consequently,  this  test  likewise  did  not  serve 
o  differentiate  between  the  different  grades  of  limerock. 


Table  1. — Chemical  composition,  cementing  value,  and  time  of 
slaking  of  limerocks 

OROUP  1.  EXCELLENT 


Chemical  composition 

Cement- 
ing vnlue 

Sample  no. 

Silica, 
alumina, 
and  iron 

oxide 

Calcium 
carbonate 

Magne- 
sium 
carbonate 

Time  of 
slaking 

6_.     . 

Percent 
0.40 
.50 
.  65 
.90 
.90 
1.35 

Percent 
98. 66 
98.  66 
98.04 
98.  13 
98.20 
97.85 

Percent 
0.87 
.76 
.76 
.76 
.83 
.80 

14 
14 
11 
12 
53 
15 

Minutes 

60+ 

15 

10 

00+ 

16 

11 

8. 

11 

13 

14. 

15 

Average 

.78 

98.26 

.80 

20 

GROUP  2.  GOOD 


8.40 

90.89 

0.72 

87 

3.50 

96.07 

.08 

79 

11.00 

87.50 

.61 

88 

9.  10 

90.00 

.83 

71 

8.80 

90.00 

.72 

75 

11.  10 

87.76 

.83 

110 

9.60 

88.75 

.68 

57 

9.20 

89.55 

.87 

80 

i  30.  80 

'  67.  50 

'.61 

102 

3.70 

95.00 

.76 

50 

7.20 

91.78 

.71 

86 

4.45 

94.82 

.76 

95 

7.82 

91.  10 

.74 

83 

10 
13 
13 
13 
11 
20 
11 
18 
20 
14 
10 
23 


GROUP  3.  FAIR 


Average. 


2.65 

95.34 

1.51 

168 

.50 

98.75 

.83 

32 

3.20 

95.  63 

.76 

11 

1.65 

97.  14 

.91 

34 

.35 

98.66 

.80 

39 

1.67 

97.10 

.96 

57 

30 

60+ 

60+ 

5 
60+ 


GROUP  4.  POOR 


Average. 


10.00 

88.32 

0.68 

387 

9.45 

87.68 

1.44 

101 

9.40 

88.04 

.68 

229 

7.90 

89.73 

1.02 

210 

8.25 

90.00 

.98 

149 

7.45 

90.45 

1.25 

110 

8.30 

89.38 

.76 

249 

6.80 

91.  16 

.91 

115 

7.35 

90.45 

.95 

107 

7.90 

90.36 

.83 

235 

6.65 

91.60 

.91 

67 

10.00 

88.75 

.76 

196 

8.29 

89.66 

.93 

180 

25 
9 
18 
16 
17 
8 
15 
12 
22 
11 


1  Excluded  from  averages. 

Mechanical  analyses. — The  mechanical  analysis  of  a 
soil  yields  information  as  to  the  presence  of  materials 
varying  not  only  in  size  but  also  in  character,  since  the 
different  fractions  are  not  merely  the  results  of  mechan- 
ical reduction  in  size  of  any  one  material  such  as  sand, 
but  are  also  the  product  of  chemical  reactions  caused  by 
weathering,  oxidation,  and  the  like.  The  mechanical 
analysis  of  a  homogeneous  material  such  as  limerock, 
in  contrast,  merely  reflects  the  degree  to  which  the 
material  was  crushed  in  preparation,  and  therefore  does 
not  have  the  same  significance  as  for  a  soil. 

Therefore,  the  purpose  of  grinding  the  limerocks  in 
preparation  for  test  was  not,  as  in  the  case  of  soils,  to 
effect  separation  of  particles  already  differing  in  size 
and  character,  but  only  to  reduce  the  mass  of  material 
to  such  size  as  to  make  possible  the  performance  of  the 
physical  tests. 

A  number  of  mechanical  analyses  were  performed, 
however,  because  it  was  desired  to  determine  whether 
or  not  limerocks  differing  in  quality  would  break  down 
to   different   degrees   of   fineness   under  the   uniform 
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method  of  preparation  used,  and  whether  differences 
in  quality  thus  would  be  indicated  by  the  mechanical 
analysis.  The  similarity  in  the  gradings  of  the  samples 
representing  the  excellent  limerocks  to  those  represent- 
ing the  fair  quality  limerocks  indicates  that  the  degree 
of  fineness  does  not  vary  substantially  with  the  quality 
of  material  and,  therefore,  that  the  mechanical  analysis 
is  not  significant  for  identification  purposes.  (See 
table  2.) 

GOOD  LIMEROCKS  HAD  LOW  PLASTICITY  INDEXES 

Subgrade  soil  constants. — The  results  of  the  subgrade 
soil  tests,  shown  in  table  3,  show  that  the  shrinkage 
limits  and  shrinkage  ratios  were  not  consistently 
different  for  the  various  grades  of  limerock,  and  that 
volumetric  change  on  drying  out  after  being  wetted  to 
the  field  moisture  equivalent  was  either  entirely  absent 
or  so  small  as  to  have  little  significance.  Although  some 
shrinkage  of  the  poorer  grade  limerocks  was  observed  in 
the  field,  it  is  evident  that  the  shrinkage  is  not  always 
reflected  in  the  laboratory  tests  and  therefore  that  the 
usual  method  of  determining  shrinkage  is  of  little  value 
in  limerock  identification. 

Likewise,  the  liquid  limit  considered  apart  from  its 
relation  to  the  other  tests,  while,  on  the  average,  increas- 
ing with  decreasing  quality  of  limerock,  did  not  vary 
consistently  for  the  different  grades  when  individual 
determinations  are  considered. 

Table  2. — Mechanical  analyses  of  limerocks 
GROUP  1.  EXCELLENT 


Sample  no. 

Particle  size  smaller  than- 

0.42  mm 

0.05  mm 

0.005  mm 

0.001  mm 

1 

Percent 
100 
100 
100 
100 
100 
100 
100 
100 
100 

Percent 
38 
57 
56 
56 
45 
34 
50 
45 
42 

Percent 
16 
17 
21 
22 
19 
16 
22 
22 
20 

Percent 

4 

5 

3 

4 
6 
5 
6 
8 
6 

2 

3 

4. 

5 _. 

7 

9 

10 

12 

Average 

100 

47 

19 

5 

GROUP  3 

.  FAIR 

31 

100 
100 
100 
100 
100 
100 
100 
100 

70 
64 
46 
74 
48 
51 
40 
40 

21 
22 
21 
28 
22 
24 
21 
20 

8 
4 
4 
4 
6 
6 
8 
4 

33 

37 

38.... _ 

39 

40 

41 

42 

Average. _ 

100 

54 

22 

6 

The  results  show  that  the  poor  limerocks  had  higher 
plasticity  indexes  than  any  of  the  good  or  fair  quality 
limerocks  and  that,  without  exception,  the  excellent 
limerocks  had  no  plasticity  whatever.  In  addition, 
they  show  that  the  centrifuge  and  field  moisture  equiva- 
lents of  the  fair  and  poor  limerocks  were  on  the  whole 
greater  than  those  of  the  excellent  and  good  limerocks. 
The  variation  thus  shown  is  highly  significant  in  that 
the  difference  in  water-absorbing  properties  of  the  good 
and  fair  limerocks  thus  indicated  corresponds  to"  the 
difference  in  their  reported  field  performances  in  the 
presence  of  water,  and  thus  offers  a  basis  of  distinction 
between  these  two  groups. 


Table  3. — Subgrade  soil  lest  constants  for  different  limerocks 
GROUP  1.    EXCELLENT 


Sample  No. 

Liquid 
limit 

Plas- 
ticity 
index 

Shrink- 
age 

limit 

Shrink- 
age 
ratio 

Moisture 
equivalent 

Floccu- 

lation 

factor 

Volu- 

Centri- 
fuge 

Field 

metric 
change 

1...  

26 
25 
25 
25 
22 
20 
20 
20 
19 
19 
18 
18 
18 
17 
17 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

n 

0 
0 

35 
29 
28 
27 
24 
26 
26 
25 
23 
22 
23 
22 
21 
22 
21 

1.4 
1.5 
1.5 
1.5 
1.6 
1.6 
1.6 
1.6 
1.6 
1.7 
1.6 
1.7 
1.7 
1.7 
1.7 

21 
17 
23 
21 
16 
17 
15 
16 
15 
19 
15 
14 
15 
15 
17 

22 
20 
24 
23 
20 
20 
19 
20 
18 
17 
19 
17 
18 
18 
16 

1.3 
1.3 
1.4 
1.3 
1.2 
1.2 
1.1 
1.2 
1.1 
1.3 

1.0 
1.2 

1.0 

2 .. 

3 

4.. 

5 

6 

7 

8 

9... 

10 

11 

12-      

13 .. 

14 

15 

Average. 

21 

0 

25 

1.6 

17 

19 

1.2 

C 

GROUP  2.     GOOD 


16 

17 

18 

23 
22 
21 
21 
21 
21 
20 
19 
19 
19 
18 
18 

0 
0 
fi 

5 
5 
5 
6 
5 
4 
4 
0 

23 
19 
21 
21 
21 
21 
19 
18 
17 

1.6 
1.8 
1.7 
1.7 
1.7 
1.7 
1.8 
1.8 
1   << 

15 
15 
16 
20 
19 
17 
16 
16 
18 
16 
15 
12 

21 
20 
18 
20 
22 
20 
19 
15 
17 
18 
16 
20 

1.2 

1.2 
1.3 
1.6 
1.6 
1.5 
1.5 
1.4 
1.2 
1.5 
1.3 

r 

! 

19 

20. 

0 
2 

21 

0 

22  . 

o 

23 

24 

0 

o 

25 

19            1   7 

o 

26.. 

If, 
25 

1.8 
1.6 

n 

27 

0 

Average. 

20 

4 

20 

1.7 

16 

19 

1.4 

0) 

GROUP  3.     FAIR 


GROUP  4.     POOR 


43 

44 

45 

46 - - 

47 

48. 

49 

50 

51 

52 

53 

54 

A  verage 


27 

7 

24 

!.6 

22 

23 

1.5 

2fi 

7 

23 

1.7 

23 

23 

1.4 

26 

6 

25 

1.6 

22 

23 

1.5 

26 

5 

26 

1.5 

28 

30 

1.9 

25 

6 

22 

1.6 

21 

23 

1.5 

25 

5 

26 

1.6 

27 

22 

1.7 

25 

5 

24 

1.6 

23 

24 

1.2 

25 

4 

22 

1.6 

19 

25 

1.3 

24 

5 

24 

1.6 

21 

26 

1.6 

24 

5 

24 

1.6 

21 

25 

1.3 

24 

3 

26 

1.6 

30 

24 

1.9 

23 

3 

27 

1.5 

23 

1.4 

22 

3 

26 

1.6 

23 

21 

1.5 

22 

0 

29 

1.5 

20 

1.2 

20 

0 

26 

1.6 

19 

1.2 

24 

4 

25 

1.6 

23 

24 

1.5 

34 

17 

21 

1.7 

31 

24 

2.3 

31 

13 

24 

1.6 

27 

23 

2.0 

30 

15 

19 

1.7 

23 

22 

2.1 

30 

10 

24 

1.6 

26 

22 

1.8 

28 

11 

21 

1.7 

24 

22 

1.8 

28 

10 

24 

1.6 

28 

24 

1.9 

28 

9 

22 

1.7 

26 

22 

25 

9 

19 

1.8 

23 

21 

1.8 

25 

8 

21 

1.7 

23 

20 

2.0 

24 

8 

19 

1.8 

21 

20 

1.4 

24 

8 

19 

1.7 

26 

20 

1.4 

23 

8 

16 

1.8 

18 

17 

1.6 

28 

11 

21 

1.7 

25 

21 

1.8 

1  Negligible. 

Since  the  centrifuge  and  field  moisture  equivalent 
are  apparently  of  like  significance  for  this  purpose,  i 
would  seem  desirable  to  include  only  the  simpler  of  th 
two  tests,  the  field  moisture  equivalent,  in  the  testin ; 
procedure. 

The  test  results  also  show  that,  in  general,  th'; 
flocculation  factors  increase  with  decreasing  quality  ( i 
material. 
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CONCLUSIONS 


The  test  results  indicate  that  the  tests  of  greatest 
value  for  predetermining  the  quality  of  road-building 
limerocks  are  the  plasticity,  the  field  moisture  equiva- 
lent, and  the  flocculation  tests.  While  present  infor- 
mation does  not  warrant  the  establishment  of  rigid 
limiting  values,  a  plasticity  index  of  0  to  the  exclusion 
of  all  other  determinations  appears  sufficient  to  indi- 
cate those  limerocks  that  are  likely  to  perform  satis- 
factorily as  base-course  material  under  practically  all 
conditions;  a  plasticity  index  from  1  to  7  and  a  field 
moisture  equivalent  not  exceeding  20  indicate  limerocks 
that  will  perform  satisfactorily  in  carefully  constructed 
base  courses  under  average  conditions;  a  plasticity 
index  from  1  to  7  and  a  field  moisture  equivalent 
greater  than  20  indicate  limerocks  that  will  perform 
satisfactorily  in  carefully  constructed  base  courses 
under  fairly  dry  conditions;  and  a  plasticity  index  of 
8  or  more  indicates  limerocks  that  are  likely  to  prove 
troublesome. 


Use  of  the  foregoing  tests  does  not  eliminate  the 
desirability  of  using  the  chemical  analysis  in  certain 
cases,  such  as  those  in  which  the  quality  of  material 
within  a  given  deposit  or  formation  has  been  found  to 
vary  with  the  calcium  carbonate  content. 

The  flocculation  test  seems  of  sufficient  significance 
to  be  useful  for  the  preliminary  field  examination  of 
limerocks.  A  flocculation  factor  exceeding  about  1.9 
will  indicate  material  unsuitable  for  base-course  con- 
struction, thus  eliminating  the  necessity  for  any 
further  tests.  Of  course  as  is  shown,  for  example,  by 
the  test  results  on  samples  no.  52  and  53  (see  table  3), 
a  flocculation  factor  under  1.9  will  not  necessarily 
indicate  a  satisfactory  material  and  must  be  supple- 
mented by  plasticity  and  field  moisture  equivalent 
tests  for  more  definite  identification.  Use  of  the  floc- 
culation test  in  the  field,  however,  will  in  some  cases 
eliminate  the  inconvenience  of  sampling  and  trans- 
porting materials   to   a  laboratory  for  further  testing. 


NEW  SPECIFICATIONS  FOR  HIGHWAY  MATERIALS 
AND  HIGHWAY  BRIDGES  AVAILABLE 

A  revised  edition  of  the  Standard  Specifications  for 
Highway  Materials  and  Methods  of  Sampling  and 
Testing  is  now  available  from  the  American  Association 
of  State  Highway  Officials,  1220  National  Press  Build- 
ing, Washington,  D.  C. 

This  publication  contains  standard  specifications  for 
Portland  cement,  high-early-strength  portland  cement, 
different  grades  of  bituminous  materials,  aggregates 
for  various  highway  uses,  steel  reinforcement,  corru- 
gated metal  pipe  culverts,  wire  rope  and  fittings  for 
guard  rails,  premolded  asphalt  plank,  reinforced  con- 
crete culvert  pipe,  and  paint  for  traffic  lines.  This 
material  covers  64  pages.  Two  hundred  and  forty-three 
pages  are  devoted  to  standard  methods  of  sampling 
and  testing  highway  materials.  Included  in  this 
material  are  nine  new  methods  and  tests  relating  to 
sampling  and  testing  subgrade  soils.  The  price  of  the 
publication  is  $2  per  copy. 


The  new  edition  of  Specifications  for  Highway 
Bridges  adopted  by  the  American  Association  of  State 
Highway  Officials  will  be  available  within  a  short  time. 
The  sections  of  this  publication  are  General  Provisions, 
Materials,  General  Construction,  Special  Construction, 
Design,  Appendices  containing  tables  of  moments, 
shears,  etc.,  for  H-20  loading  and  a  guide  to  grading 
structural  timbers,  and  arc  welding  metal  bridge  struc- 
tures.    The  price  of  this  publication  is  $2  per  copy. 

The  Bureau  of  Public  Roads  has  cooperated  with 
the  association  in  preparing  both  of  these  publications 
and  the  specifications  are  recommended  by  the  Bureau 
for  general  use  hi  highway  construction.  Copies  are 
not  available  from  the  Bureau. 

HIGHWAY  RESEARCH  BOARD  TO  MEET  IN 
DECEMBER 

The  Fifteenth  Annual  Meeting  of  the  Highway  Research 
Board  of  the  National  Research  Council  will  be  held  in  Washing- 
ton, D.  C,  on  December  5  and  G,  1935.  A  program  of  reports  on 
research  investigations  is  to  be  announced  in  the  near  future. 
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THE  STRUCTURAL  DESIGN  OF  CONCRETE 

PAVEMENTS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests,  and  EARL  C.  SUTHERLAND,  Associate  Highway  Engineer 

PART  2.— OBSERVED  EFFECTS  OF  VARIATIONS  IN  TEMPERATURE  AND  MOISTURE  ON  THE  SIZE,  SHAPE, 
AND  STRESS  RESISTANCE  OF  CONCRETE  PAVEMENT  SLABS 


IT  HAS  been  known  for  more  than  half  a  century  that 
when  the  temperature  or  the  moisture  content  of 
Portland  cement  concrete  is  changed  a  corresponding 
change  in  volume  occurs.  Since  the  pioneer  work  of 
Bauschinger  '  in  this  field  many  other  research  work- 
ers have  contributed  to  the  store  of  information  con- 
cerning the  extent  of  these  changes  and  the  factors  that 
affect  them. 

As  concrete  began  to  be  generally  used  as  a  paving 
material  engineers  gradually  came  to  appreciate  that, 
under  some  conditions  at  least,  these  volume  changes 
were  of  such  magnitude  that  provision  for  them  was 
necessary  in  the  pavement  design. 

Because  of  the  relative  physical  proportions  of  a 
pavement  slab,  it  was  but  natural  that  the  first  mani- 
festation of  volume  change  to  be  noticed  was  expansion 
and  contraction  in  a  longitudinal  direction.  More  than 
20  years  ago  the  Bureau  studied  the  expansion  and  con- 
traction of  concrete  pavements  2  in  an  effort  to  discover 
the  laws  that  govern  such  movements. 

RESULTS  OF   EARLY  INVESTIGATIONS  INADEQUATE   FOR 
PAVEMENT   DESIGN 

The  early  investigations  were  of  value,  first,  for  the 
information  that  they  developed,  and,  second,  because 
each  one  served  to  arouse  more  wide-spread  interest  in 
the  subject  among  highway  engineers.  As  a  result  of 
this  interest  new  researches  were  begun  and  it  was  soon 
discovered  that  differences  in  temperature  between  the 
upper  and  lower  surfaces  of  a  pavement  slab  would 
cause  it  to  warp  to  a  measurable  degree,3  and  further, 
that  a  similar  warping  could  be  brought  about  by  cre- 
ating a  moisture  differential  between  the  two  surfaces 

;  of  a  concrete  slab.4 

These  discoveries  were  important  because  the  expo- 
sure conditions  to  which  pavements  are  subjected  are 
severe;  and  expansion,  contraction,  and  warping  may 

■be  expected  daily  throughout  the  life  of  a  concrete 
pavement  slab.  If  the  slab  were  completely  free  to 
move  and  had  no  weight  it  would  change  in  size  and 
shape  without  restraint  and  no  stress  would  result. 
Because  of  its  weight  and  intimate  contact  with  the 
subgrade,  however,  restraint  in  some  degree  is  always 
present  and  every  attempt  of  the  slab  to  change  either 

E'ajS  size  or  shape  develops  stress  within  the  structure. 
Other  early  tests  indicated  the  approximate  amount 
f  resistance  encountered  when  the  pavement  slab  ex- 
1  Tests  of  Different  Portland  Cements,  by  J.  Bauschinger,  Mitt.  Mecli.  Tech. 
'Lab.,  Tech.  Hochschule  (Munich)  v.  8,  1879. 

1  The  Expansion  and  Contraction  of  Concrete  and  Concrete  Roads,  by  A.  T. 
Goldbeck  and  F.  H.  Jackson,  Bull.  532,  U.  S.  Department  of  Agriculture,  October 
1917. 

3  The  Bates  Experimental  Road,  by  Clifford  Older,  and  Highway  Researches  and 
What  the  Results  Indicate,  by  A.  T.  Goldbeck,  papers  in  the  Proc.  American  Road 
Builders'  Association,  1922. 

1  Effect  of  Moisture  on  Concrete,  by  W.  K.  Hatt,  Puplic  Roads,  vol.  fi,  no.  1, 
March  ly25. 
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pands  or  contracts  longitudinally  along  the  subgrade,5 
and  the  development  of  this  information  made  it  pos- 
sible to  estimate  approximately  the  tensile  or  compres- 
sive stresses  induced  in  the  concrete  by  this  form  of 
restraint.6 

More  recently  a  careful  analysis  has  been  made  of 
the  theoretical  stress  conditions  resulting  from  slab 
warping  caused  by  temperature  differences  within  the 
concrete  and  assumed  conditions  of  restraint.7  This 
analysis  supplies  the  means  for  estimating  the  stresses 
that  occur  under  certain  conditions  of  temperature 
warping. 

EXTENSIVE    PROGRAM   OF  STUDY   OF    MOISTURE    AND   TEMPERA. 
TURE   EFFECTS   UNDERTAKEN 

It  will  be  noted  that  each  of  the  researches  referred 
to  has  contributed  some  information  that  represents  a 
distinct  step  toward  a  better  understanding  of  the 
reasons  for  observed  slab  behavior.  However,  the 
engineer  who  undertakes  to  apply  the  information  ob- 
tained by  these  previous  studies  to  the  design  of  a 
pavement  finds  that  there  are  numerous  gaps  and  un- 
certainties in  the  data.  When  the  pavement-design 
project  at  Arlington  was  being  planned,  it  was  decided 
to  include  a  study  of  the  extent  of  the  moisture  and 
temperature  changes  that  occur  in  pavements  in  this 
locality  and  to  determine,  as  fully  as  possible,  the  effect 
of  those  changes  on  the  pavement  slab.  The  rather 
extensive  program  of  observations  outlined  in  part  1  of 
this  series  was  developed  with  this  object  in  mind. 

The  observations  that  have  been  made  may  be 
grouped  according  to  purpose  as  follows: 

1 .  A  study  of  the  extent  of  the  temperature  changes 
that  occur  in  the  various  parts  of  concrete  pavement  slabs . 

2.  A  study  of  the  longitudinal  expansion  and  con- 
traction of  pavement  slabs  caused  by  temperature 
changes  and  changes  in  moisture  content. 

3.  A  study  of  the  resistance  offered  by  the  subgrade 
to  horizontal  slab  displacement  and  of  the  stresses 
developed  in  the  slab  by  this  resistance. 

4.  A  study  of  the  warping  ot  concrete  pavement 
slabs  resulting  from  variations  in  temperature  and  of 
the  stress  conditions  that  result  from  warping. 

The  tests  and  observations  reported  in  this  paper 
were  made  on  the  10  full-size  pavement  slabs  and,  in 
general,  the  data  cover  periods  of  time  of  from  1  to  3 
years.  The  complete  description  of  the  test  sections 
and  of  the  methods  of  test  employed  has  already  been 
given  in  part  1  of  this  series.8 

i  Friction  Tests  of  Concrete  on  Various  Subbases,  by  A.  T.  Goldbeck,  Public 
Roads,  vol.  5,  no.  5,  July  1924. 

s  The  Interrelationship  of  Longitudinal  Steel  and  Transverse  Cracks  in  Concrete 
Pavements,  by  A.  T.  Goldbeck.    Public  Roads,  vol.  6,  no  6,  August  l!i2.r>. 

'  Analysis  of  Stresses  in  Concrete  Roads  Caused  by  Variations  in  Temperature,  by 
H.  M.  Westergaard.     Puplic  Roads,  vol.  8,  no.  3,  May  1927. 

8  The  Structural  Design  of  Concrete  Pavements,  Part  I,  by  L.  \V.  Teller  and 
Earl  C.  Sutherland,  PUBLIC  ROADS,  vol.  IK,  no.  8,  October  1935. 
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TEST  PROCEDURE  DESCRIBED 

Temperature  measurements. — The  temperature  meas- 
urements were  made  in  large  part  on  two  small  slabs 
that  were  constructed  especially  for  this  purpose  some 
months  after  the  10  test  sections  were  constructed. 
These  slabs,  shown  on  the  cover  page,  are  4  feet  square, 
one  being  6  and  the  other  9  inches  in  thickness.  They 
were  constructed  on  the  subgrade  adjacent  to  the  test 
sections  and  the  materials  and  proportions  used  in 
the  concrete  were  exactly  the  same  as  were  used  for 
the  large  slabs. 

The  resistance  thermometers  originally  installed  in 
the  large  slabs  were  not  entirely  satisfactory  for  several 
reasons,  so  when  the  slabs  for  temperature  measure- 
ments were  built  copper-constantan  thermocouples 
were  installed.  The  thermocouples  were  located  at 
the  centers  of  the  slab  areas  and  at  1-inch  intervals 
throughout  the  depth,  and  also  at  both  upper  and 
lower  slab  surfaces.  Two  thermocouples  were  also 
placed  in  the  subgrade  beneath  each  slab,  one  about 
one-fourth  inch  and  the  other  about  2  inches  below 
the  surface  of  the  subgrade. 

With  these  installations  it  was  possible  to  determine 
quite  completely  the  temperature  conditions  that 
existed  throughout  the  depth  of  the  slab.  From  these 
data  one  may  estimate  with  considerable  accuracy  both 
the  average  temperature  of  the  slab  and  the  tempera- 
ture differential  between  its  upper  and  lower  surfaces. 
In  estimating  the  temperature  conditions  for  the  various 
pavement  sections  from  the  data  obtained  from  the 
thermocouples,  two  assumptions  were  made:  First, 
that  the  temperatures  in  the  pavement  slab  were  the 
same  as  those  found  in  the  slab  of  equal  thickness  on 
which  temperature  measurements  were  made;  and 
second,  that  the  temperature  of  slabs  having  thicknesses 
intermediate  between  6  and  9  inches  could  be  predicted 
by  a  straight-line  interpolation  between  the  tempera- 
tures measured  in  the  6-  and  9-inch  slabs. 

The  average  temperature  of  the  slab  was  obtained  by 
averaging  the  temperatures  measured  at  the  several 
points  throughout  its  depth.  The  temperature  dif- 
ferential was  estimated  by  drawing  a  mean  curve  for  the 
data  which  were  plotted  to  show  the  variation  in  temper- 
ature through  the  slab  depth,  and  from  this  mean  curve 
taking  the  indicated  temperatures  for  the  upper  and 
lower  surfaces  of  the  pavement. 

The  temperature  measurements  were  usually  made  in 
connection  with  measurements  of  slab  expansion  or  of 
slab  warping.  They  cover  a  period  of  approximately  2 
years  and,  while  not  continuous,  were  planned  so  as  to 
develop  full  information  concerning  both  the  daily  and 
yearly  temperature  cycles  that  occurred  during  this 
time. 

During  the  latter  part  of  the  investigation  it  became 
desirable  to  obtain  data  that  would  show  the  relation 
between  the  temperature  differentials  in  thickened- 
edge  cross  sections  and  those  in  sections  of  constant 
depth.  No  means  for  obtaining  these  data  were  pro- 
vided in  the  original  construction  and  it  was  necessary 
to  drill  small  holes  to  the  proper  points  in  the  slab  cross 
section,  insert  thermocouples  in  the  bottom  of  these 
holes,  and  then  backfill  with  cement-sand  mortar. 
Thermocouples  were  placed  in  this  manner  near  the 
upper  and  lower  surfaces  of  the  slab  and  at  the  third 
points  of  the  slab  depth,  and  this  arrangement  made  it 
possible  to  estimate  very  closely  the  differential  in 
temperature  that  existed  at  the  several  positions  on  the 
test  sections  at  which  the  measurements  were  made. 


Two  types  of  information  were  desired:  First,  ; 
knowledge  of  how  the  temperature  differential  varie 
along  the  different  types  of  cross  section;  and  second 
a  comparison  of  the  differential  in  the  edge  of  a  9-6-! 
thickened-edge  section  with  those  which  occur  unde 
the  same  conditions  in  the  edges  of  constant-thicknes 
sections  of  different  depths.  For  the  first  purpose 
the  thermocouple  installations  were  made  at  distance 
of  2,  18,  and  36  inches  from  the  free  edge,  while  for  th 
second  only  the  installation  at  2  inches  from  the  edg< 
was  used.  In  each  case  the  thermocouple  units  wer 
placed  at  the  various  depths  as  described  above. 

Moisture  measurements. — Since  moisture  variation 
within  the  concrete  are  known  to  cause  physical  change 
in  the  size  and  shape  of  the  pavement  slab  that  an 
similar  to  those  caused  by  temperature  variations,  i 
was  desired  to  obtain  quantitative  data  concerning  th 
changes.  Such  data  are  difficult  to  obtain,  however 
because  there  is  no  reliable  method  for  determining  th 
moisture  content  of  concrete  except  by  weighing  an< 
this  is  usually  not  feasible. 

In  this  investigation  the  moisture  content  of  th< 
concrete  was  determined  by  weighing  and  drying 
fragments  broken  from  the  short  slabs  originally 
provided  for  the  purpose  of  furnishing  samples.  N< 
means  was  found  for  determining  differences  in  moistur< 
content  at  various  depths  in  the  slabs  so  that  no  datj 
were  obtained  to  show  the  nature  of  the  moistur< 
gradient  at  various  seasons  of  the  year.  However 
measurements  were  made  of  the  seasonal  warping 
presumably  caused  by  such  a  moisture  gradient 
Measurements  were  also  made  from  which  it  was  possr 
ble  to  determine  the  direct  longitudinal  expansion  anc 
contraction  caused  by  factors  other  than  temperature 
change,  and  from  these  data  it  was  found  possible  t( 
estimate  the  extent  and  period  of  the  yearly  variatior 
in  slab  length  attributable  to  moisture  change  alone. 

The  method  of  measuring  the  warping  of  the  slabs 
under  the  action  of  these  seasonal  moisture  changes  i( 
described  later. 

Measurements  of  the  expansion  and  contraction  of  th 
pavement  sections. — Practically  all  of  the  slab-expansioi 
data  were  obtained  by  measurements  on  the  6-incl 
constant-thickness  section.  This  section  was  separate* 
from  the  other  nine  by  a  space  of  several  feet  so  tha- 
there  was  no  possibility  of  its  being  affected  by  thb 
movements  of  the  other  slabs.  Fixed  reference  point : 
of  the  type  shown  in  figure  1  were  constructed  at  eac  . 
end  of  the  40-foot  section,  and  the  horizontal  movemen  - 
of  the  slab  ends  with  respect  to  these  reference  point  \ 
was  measured  with  the  special  micrometer  describe  I 
in  the  previous  paper.  The  movement  at  the  transvers  i 
joint  was  measured  at  the  same  time.  The  frame  of  th  \ 
micrometer  is  made  of  soft  steel  and  its  length  changt  i 
considerably  with  temperature  changes.  Correctior  = 
for  this  were  made  by  referring  all  measurements  to  a  )| 
invar  standard,  the  length  of  which  changes  less  thai 
0.001  inch  for  a  temperature  change  of  100°  F. 

The  procedure  followed  was  first  to  place  the  micron  • 
eter  and  reference  bar  out  of  doors  and  allow  them  1 : 
reach  a  condition  of  temperature  stability.  Tl  < . 
measurements  at  the  slab  ends  were  then  made  and  ar  | 
change  in  the  length  of  the  micrometer,  as  indicated  1 }! 
the  reference  reading  on  the  standard  bar,  applied  as 
correction  to  the  measured  slab  displacement. 

The  expansion  and  contraction  measurements  we 
made  once  or  twice  each  month  over  a  period  of  abo 
4  years.     Each  set  of  observations  was  started  in  t 
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early  hours  of  the  morning,  before  the  minimum  slab 
length  was  attained,  and  was  continued  until  late  in  the 
evening,  long  after  the  maximum  expansion  had  occurred. 
Measurements  were  made  at  2-hour  intervals  during 
this  time. 

This  daily  cycle  of  observations  and  the  related 
temperature  data  made  possible  the  determination  of 
the  maximum  and  minimum  slab  lengths,  the  range  in 
average  slab  temperatures  that  caused  the  length 
changes,  and  from  these  the  length  change  per  degree  of 
temperature  change  for  the  slab  as  a  whole. 

The  series  of  observations  obtained  over  the  yearly 
periods  made  possible  the  determination  of  not  only  the 
annual  cycle  of  length  change  resulting  from  tempera- 
ture but  also  those  resulting  from  other  causes,  such  as 
variation  in  moisture  content. 

In  addition  to  the  measurements  at  the  ends  of  the 
6-inch  constant-thickness  slab,  some  data  were  obtained 
from  telemeters  (resistance  strain  gages)  that  were  in- 
stalled at  the  center  of  one  10  by  20-foot  panel  in  each 
of  two  other  test  sections  at  the  time  of  construction. 
These  instruments  were  placed  in  a  longitudinal  direc- 
tion and  in  the  neutral  plane  of  the  slab.  They  were 
in  a  position  to  receive  direct  longitudinal  deformation 
but  not  deformation  caused  by  bending  of  the  slab. 
Each  telemeter  is  provided  with  an  electrical  resistance 
thermometer  housed  within  its  shell  with  which  the 
temperature  within  the  telemeter  can  be  measured  at 
the  same  time  that  the  deformations  are  determined. 

The  schedule  of  observations  with  the  telemeters  was 
the  same  as  that  followed  in  the  measurement  of  the 
movement  of  the  slab  ends.  The  telemeter  observa- 
tions covered  a  period  of  about  2  years  and  coincided 
with  the  period  of  the  micrometer  measurements  for 
only  about  8  months,  as  shown  later  in  figure  14. 
Failure  of  the  resistance  thermometer  elements  caused 
the  abandonment  of  the  telemeter  observations. 

Measurements  of  subgrade  resistance  to  horizontal  slab 
movement. — The  measurement  of  the  resistance  offered 
by  the  subgrade  to  the  horizontal  displacement  of  the 
pavement  slab  was  determined  in  tests  made  with  small 
slabs  cast  upon  the  subgrade  for  this  particular  purpose, 
as  described  in  part  1  of  this  series  of  papers.  (See  pt. 
1,  fig.  20.) 

These  slabs,  each  4  feet  square,  were  moved  hori- 
ontally  with  a  powerful,  smoothly  operating  mechan- 
cal  jack.  The  force  required  to  cause  the  movement 
nd  the  amount  of  the  displacement  were  determined. 

Before  the  tests  were  begun,  a  preliminary  investiga- 
tion was  made  to  find  a  desirable  test  procedure.     As  a 

result  of  this  preliminary  work  it  was  decided: 

1.  That  the  slabs  should  be  moved  at  a  very  slow 
rate,  one  comparable  with  that  which  obtains 
in  a  pavement  during  the  daily  cycle  of 
temperature  variation. 

2.  That  the  slabs  should  be  moved  alternately  in 
opposite  directions. 

3.  That  the  magnitude  of  the  displacement  used  in 
the  tests  should  be  comparable  to  the  move- 
ments that  occur  at  the  ends  of  pavement 
slabs  of  moderate  length  under  the  influence 
of  daily  temperature  variations. 

This  procedure  subjected  the  subgrade  under  the 
all  test  slabs  to  the  same  manipulation  that  it  woidd 

?ceive  under  the  end  of  a  pavement  slab. 

[In  a  number  of  the  tests  the  horizontal  displacement 
the  subgrade  at  various  depths  was  measured  as  the 

ab  was  displaced.  In  order  to  measure  the  move- 
ent  of  the  subgrade,  small  recesses  were  cut  into  the 
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Figure    1. — Reference    Point   for    Measuring    Change    in 
Length  of  Concrete  Slab. 

earth  just  in  front  of  the  slab  and  micrometer  dials 
were  placed  in  these  recesses.  The  dials  were  supported 
on  a  rigid  member  that  was  supported  in  turn  by  the 
subgrade  at  some  distance  from  the  slab.  The  stems 
of  the  dials  bore  against  small  wooden  plugs  inserted  in 
the  vertical  face  of  the  subgrade  at  the  desired  depths. 
The  dials  were  usually  placed  at  three  points  across  the 
front  or  leading  edge  of  the  slab. 

A  few  tests  were  made  to  determine  the  influence  of 
slab  thickness  (or  weight)  on  the  resistance  offered  to 
horizontal  displacement.  For  these  tests  four  small 
slabs  of  2-,  4-,  6-,  and  8-inch  thicknesses  were  constructed 
on  the  regular  subgrade.  The  method  followed  in 
testing  with  these  slabs  was  the  same  as  that  used  with 
the  6-inch  slabs  previously  described. 

Warping  measurements. — Observations  have  shown 
that  under  usual  conditions  of  exposure  there  is  seldom 
a  time  when  the  temperature  of  a  pavement  slab  is 
uniform  throughout.  Either  the  air  is  warmer  than  the 
subgrade  or  vice  versa,  and  heat  is  being  conducted  by 
the  slab  either  to  the  subgrade  or  away  from  it.  Be- 
cause concrete  is  a  relatively  poor  conductor  of  heat, 
the  transfer  of  heat  through  a  pavement  of  ordinary 
thickness  takes  time,  and  a  differential  in  temperature 
is  created  within  the  various  parts  of  the  structure. 
Each  element  of  the  concrete  attempts  to  adjust  its 
volume  to  its  own  particular  temperature. 

As  previously  stated,  if  the  slab  were  completely  free 
and  without  weight  it  woidd  assume  a  distorted  shape 
without  resistance  and  no  stresses  would  result.  Ac- 
tually, almost  no  part  of  the  slab  is  free  to  adjust  itself 
and,  while  measurable  distortion  occurs,  restraint 
caused  by  the  slab  weight  and  by  the  subgrade  reactions 
is  always  present.  It  is  apparent  that  the  warping  of  a 
pavement  is  not  a  simple  phenomenon  and  the  distor- 
tion that  is  measured  is  the  result  of  a  very  complex 
system  of  forces. 

Warping  has  two  important  effects  on  the  structural 
action  of  a  pavement  slab.  In  the  first  place,  the  dis- 
tortion that  occurs  alters  the  condition  of  subgrade 
support  and  thus  affects  the  magnitude  of  the  stress 
that  will  be  produced  by  a  given  wheel  load.     In  the 
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Figure  2. — Plan  of   10-  by  20-Foot  Section   Showing  the 
Lines  Along  Which  Deflections  Were  Measured. 

second  place,  because  of  the  weight  of  the  slab,  the 
warping  in  itself  causes  important  stresses  within  the 
slab  structure.  Both  of  these  actions  place  limitations 
on  the  maximum  wheel  load  that  may  be  carried  by  the 
pavement  and,  for  this  reason,  any  information  concern- 
ing them  is  of  value. 

The  studies  of  warping  that  were  a  part  of  this 
investigation  were  divided  into  three  groups,  as  follows: 

1 .  Measurement  of  the  extent  and  characteristics 
of  the  actual  warping  that  occurs  in  pavement  slabs 
of  conventional  designs. 

2.  Determination  of  the  magnitude  of  the  effect  of 
warping  on  the  critical  stresses  caused  by  a  given  load 
applied  at  different  points  on  the  pavement  slab. 

3.  Determination  of  the  magnitude  and  distribution 
of  the  stresses  caused  by  restraint  to  warping  in  the 
various  parts  of  the  pavement  slab. 

In  order  to  determine  the  changes  in  shape  that  occur 
when  the  pavement  warps,  it  is  necessary  to  measure 
the  vertical  displacement  of  a  great  many  points  on  its 
surface.  In  this  investigation  the  measurements  were 
confined  to  one  quadrant  or  panel  of  the  test  section, 
and  in  this  quadrant  the  shapes  of  the  two  principal 
axes  and  of  all  of  the  boundaries  Mere  determined. 
The  lines  along  which  the  shape  determinations  were 
made  are  shown  in  figure  2 .  It  will  be  noted  that  there  is 
one  free  edge  and  one  free  end  to  the  panel,  and  that  the 
other  edge  and  end  are  attached  to  the  other  panels  of  the 
test  section  by  the  longitudinal  and  transverse  joints. 

Clinometer  points  were  set  at  10-inch  intervals 
along  the  lines  shown  in  figure  2,  and  the  shape  of  the 
slab  was  determined  by  measuring  successively  the 
slopes  of  these  intervals  with  the  10-inch  clinometer. 
The  measurements  were  started  from  a  bench  mark 
or  reference  point  located  on  the  shoulder  near  the 
pavement,  and  were  carried  forward  along  the  line  of 
clinometer  points  exactly  as  a  line  of  levels  is  run. 

The  measurements  of  the  temperature  wTarping  were 
usually  made  on  days  when  a  large  variation  in  pave- 
ment temperature  occurred,  three  complete  sets  of 
observations  being  made.  The  first  measurements 
were  made  in  the  morning  at  a  time  when  the  observed 
tempera tures  in  the  upper  and  lower  surfaces  of  the 
slab  were  equal.  Under  these  conditions  the  slab  was 
assumed  to  be  flat  and  all  subsequent  measured  dis- 
tortions were  referred  to  this  plane  as  a  base.  The 
second  set  of  measurements  was  made  during  the  early 
afternoon,  at  the  time  when  the  temperature  of  the 
upper  surface  of  the  pavement  was  at  or  near  the 
maximum  and  the  slab  was  consequently  warped 
downward  at  the  edges.  The  final  measurements 
were  made  early  the  following  morning  when  the  tem- 
perature of  the  upper  surface   of  the   pavement  had 


reached  its  minimum  value  and  the  maximum  upwarc1 
movement  of  the  edges  of  the  pavement  slab  hac 
occurred.  The  three  sets  of  observations  were  suffi 
cient  to  determine  quite  completely  the  shape  of  th< 
slab  under  the  conditions  of  maximum  upward  anc 
downward  temperature  warping. 

Some  additional  measurements  were  made  for  th< 
purpose  of  establishing  the  relative  movements  o: 
various  parts  of  the  slab,  in  tests  that  covered  the  ful 
24-hour  cycle  of  temperature  changes.  Because  o: 
the  frequency  of  the  observations  and  of  the  tim< 
required  to  make  one  set,  the  measurements  wer< 
limited  to  determinations  of  the  transverse  curvatur* 
of  the  slab  panel  along  the  free  end,  the  center  line 
and  the  transverse  joint.  The  vertical  displacemen 
at  a  few  points  was  also  measured  with  micromete] 
dials  supported  on  long  steel  stakes  driven  into  th< 
subgrade.  Most  of  these  measurements  were  mad< 
at  slab  corners,  and  a  few  at  the  center  of  the  edge 
The  measurements  were  made  for  the  purpose  o 
obtaining  additional  data  on  the  movement  of  slal 
corners  during  the  daily  temperature  cycle  and  fo: 
comparing,  hour  by  hour,  the  displacements  for  slabi 
of  various  thicknesses. 

Measurements  of  the  warping  caused  by  seasona 
changes  other  than  temperature  were  made  with  th< 
clinometer  in  much  the  same  manner  as  the  other  warp 
ing  measurements.  These  measurements  were  mad< 
only  on  the  9-inch  constant-thickness  section.  The] 
were  made  at  intervals  of  about  1-month  throughou 
the  year  at  times  when  the  thermocouples  indicate< 
that  no  temperature  differential  was  present.  Becaus: 
of  the  relatively  short  period  of  time  during  whil 
this  condition  usually  obtained  it  was  not  possible  t' 
extend  the  clinometer  measurements  over  the  entir: 
slab.  For  this  reason  the  observations  were  limited  t 
what  were  considered  to  be  the  most  important  region! 

Measurements  were  started  from  a  bench  mark  an : 
carried  across  the  two  ends  and  along  the  longitudini 
center  line  of  one  of  the  panels.  Since  it  was  necessai » 
to  maintain  the  same  datum  throughout  the  yea' 
special  bench  marks,  the  details  of  which  are  shown  i  I 
figure  3,  were  installed  near  the  edges  of  the  slab  cc 
which  these  measurements  were  made.  It  will  be  not<  I 
that  an  electrical  resistance  thermometer  is  provided  i 
the  air  space  between  the  casing  wall  and  the  standa  I 
that  carries  the  reference  point.  This  permits  a  ccl 
rection  to  be  made  for  variations  in  the  length  of  t! J 
standard  resulting  from  seasonal  temperature  variri 
tions. 

Measurements  of  the  effect  of  temperature  warping   I 
load  stresses. — The  effect  of  the  distortion  of  the  pav^ 
ment  caused  by  temperature  warping  on  the  magnitu  Ij 
of   the  stresses   produced   by   given   wheel   loads  vi  j 
studied  by  determining  the  critical  stresses  in  the  cc  q 
crete  for  a  given  applied  load  with  the  slab  flat  and  agi  i 
in  the  condition  of  maximum  upward  and  maxirm 
downward  warping.     The  loads  were  applied  at  i : 
corner,  the  edge,  and  the  interior  of  each  slab  up 
which  these  tests  were  made. 

The  technique  of  applying  the  load  and  of  measur  r 
the  strains  was  essentially  the  same  as  that  followed 
the  other  tests.  The  loads  were  applied  to  the  s  £J 
through  a  bearing  block  8  inches  in  diameter.  Si. 
a  warped  slab  was  a  requirement  of  the  test,  it  was  e  2 
essary  to  arrange  the  loading  tank  so  as  to  avoid  shad  i 
the  concrete  and  thus  interfering  with  normal  warpi  i| 
This  was  done  by  moving  the  tank  over  the  end 
the    adjoining    section    and    placing    a  heavy    I-b( " 
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Figure  3. — Details  of  Clinometer  Bench   Mark. 

beneath  and   bearing  against  the  tank  with  one  end 

resting  on  a  fixed  support  and  the  other  end  furnishing 

a  reaction  for  the  jack  applying  the  load.     Extension 

of  the  jack  tended  to  raise  the  end  of  the  I-beam  and  to 

lift  the  tank,  tbe  I-beam  acting  as  a  simple  lever.     The 

I    force  exerted  downward  by  the  jack  supplied  tbe  load  to 

l    the  test  section.     The  equipment  used  for  making  these 

J    tests  is  shown  in  figure  4. 

STRESSES     CAUSED     BY     RESTRAINED     TEMPERATURE     WARPING 
DETERMINED 

The  magnitudes  of  the  stresses  created  in  the  various 
parts  of  the  pavement  slab  by  restrained  temperature 
warping  were  determined  by  comparing  the  deforma- 
tions measured  in  the  concrete  at  the  points  in  question 
with  the  deformation  at  a  point  where  there  was  little 
or  no  restraint. 

Theoretically,  at  the  edge  of  a  pavement,  there  should 
be  no  warping  stress  in  a  direction  perpendicular  to  the 
edge.9  Practically,  it  is  not  possible  to  measure  these 
strains  at  the  edge,  and  in  the  test  section  the  gages 
for  this  determination  were  placed  with  their  centers  6 
inches  from  the  edge.  A  preliminary  study  showed 
that  for  slabs  of  these  dimensions  the  stresses  at  the 
gage  positions  were  all  very  small  and  that  the  least 
restraint  exists  at  the  mid-point  of  the  free  edge  in  the 
direction  perpendicular  to  the  edge.  A  strain  gage 
placed  at  this  point,  perpendicular  to  the  edge,  will 
record  most  nearly  the  full  deformation  or  volume 
change  that  the  temperature  change  demands,  while 
similar  gages  at  other  places  will  record  different  defor- 
mations, deformations  that  are  modified  by  the  magni- 
tude of  the  restraint  present  at  each  gage  position. 

In  the  discussion  that  follows,  measurements  made 
with  a  gage  in  the  position  just  described  were  consid- 
ered as  resulting  from  unrestrained  warping  and  were 
used  as  a  base  for  determining  the  amount  of  restraint 
^existing  at  other  parts  of  the  pavement. 

1  'See  Analysis  of  Stresses  in  Concrete  Pavements  Due  to  Variations  in  Tempera- 
*ure,  by  H.  M.  Westergaard,  Proc.  Sixth  Annual  Meeting,  Highway  Research 
'oard,  1927.    Also  see  PUBLIC  ROADS,  vol.  8,  no.  3.  May  1927. 


Figure  4. — Method  of  Applying  Load  to  Slabs  That  Had 
Been  Allowed  to  Warp. 
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Figi  he  .">. — Plan  of  10-  by  20-Foot  Section  .Showing  Loca- 
tion of  the  four  Typical  Strain  Gages  Referred  to 
in  the  Description  of  the  Method  of  Determining 
Restrained    Warping  Stress. 

For  example,  in  the  plan  of  one  of  the  10-  by  20-foot 
slabs  shown  in  figure  5,  four  strain  gage  positions  have 
been  indicated  by  the  letters  a,  b,  c,  and  d.  The  direc- 
tion of  the  line  denoting  the  gage  position  shows  the 
direction  in  which  the  deformation  was  measured.  The 
deformation  measured  at  a  was  considered  to  be  the  full 
deformation  of  unrestrained  wTarping  and  the  values 
measured  at  the  other  points  wrere  considered  to  be 
deformations  that  were  modified  by  the  restraint  that 
existed.  Any  rise  or  fall  of  the  temperature  of  the  slab 
as  a  whole  will  cause  equal  volume  changes  at  all  of 
the  gage  positions  and  will  not  affect  the  determina- 
tion of  warping  stresses  to  a  measurable  degree. 

The  four  typical  gage  positions  shown  in  figure  5  will 
be  used  to  illustrate  the  method  that  was  followed  in 
making  this  study. 

Since,  at  most  points  on  the  pavement  slab,  the  con- 
crete is  stressed  in  more  than  one  direction,  considera- 
tion must  be  given  to  the  effects  of  these  other  stresses 
on  the  deformations  which  are  measured  with  the  strain 
gage  before  the  measured  deformations  can  be  convert- 
ed into  stresses.  If  an  isotropic  material  is  subjected 
to  a  force  acting  in  a  given  direction,  a  certain  unit 
deformation  and  a  corresponding  stress  in  tbe  direction 
of  this  force  will  result.  In  addition,  another  deforma- 
tion of  lesser  magnitude,  of  opposite  sense  and  having 
a  line  of  action  perpendicular  to    that  of  the    applied 
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force,  will  be  produced.  The  relation  between  the 
magnitudes  of  these  two  deformations  is  constant  for  a 
given  material  and  is  known  as  "  Poisson's  ratio."  This 
constant  provides  the  means  for  determining  the  effect 
of  combined  stresses. 

If  <rx  represents  the  unit  stress  in  the  direction  x, 
then  the  unit  deformation  caused  by  this  stress  would  be 

measured  by  the  expression  ^>  in  which  £"is  the  modulus 

of  elasticity  of  the  material. 

Similarly,  if  <rv  represents  the  unit  stress  in  the  direc- 
tion y  (perpendicular  to  direction  x),  the  unit  deforma- 
tion in  the  direction  y  would  be  expressed  by  ■£•  Also 
a  deformation  in  the  direction  x  would  be  induced,  the 
magnitude  of  which    would   be   expressed    by    ii^<  n 

being  Poissons'  ratio  for  the  material,  and  this  deforma- 
tion would  be  opposite  in  sense  to  that  produced  by  <rz. 
In  case  the  stresses  <rx  and  av  are  acting  simultaneously 
at  a  point,  there  will  be  in  each  direction  a  direct  and 
an  induced  deformation  that  must  be  combined.  If 
e  represents  the  unit  deforma-tion  caused  by  stress,  then 


and  similarly 


E    M  E 


e,j     E    vE 


From   these   equations,   the  following  expressions  for 
unit  stress  are  obtained: 


and 


_(ex+.uey)E 

0*— i ~2 

_(eu+fj.ex)E 

DEFORMATIONS  MADE  UP  OF  THREE  COMPONENTS 


(1) 

(2)10 


In  this  investigation  the  stresses  caused  by  tempera- 
ture warping  were  determined  by  comparing  the  def- 
ormations measured  at  various  points  on  the  slab 
surface  over  the  period  during  which  the  temperature 
differential  was  changed  and  warping  developed. 
The  strain  gages  were  generally  installed  at  a  time  when 
no  temperature  differential  existed  and  then  allowed  to 
remain  until  the  maximum  day  or  night  temperature 
differential  was  observed.  For  these  conditions  the 
deformation  recorded  by  each  gage  was  the  sum  of 
three  components  combined  algebraically.  These  com- 
ponent deformations  are: 

1.  A  change  in  length  caused  by  the  uniform  change 
in  the  temperature  of  the  slab  as  a  whole.  This  change 
in  length  extends  uniformly  through  the  entire  depth 
of  the  slab,  creates  no  warping,  and  affects  all  strain 
gages  equally. 

2.  The  change  in  length  of  the  upper  surface  of  the 
pavement  with  respect  to  that  of  the  lower  surface, 
caused  by  the  temperature  differential  created  by  the 
change  in  air  temperature  during  the  day.  The 
differential  in  length  caused  by  this  temperature  con- 
dition causes  warping  which,  if  the  slab  were  weightless, 
would  occur  freely  and  would  be  unaccompanied  by 
stress. 

3.  A  deformation  caused  entirely  by  the  bending 
stresses  produced  by  the  efforts  of  the  slab  to  accom- 

or  a  discussion  of  the  action  of  combined  stresses  see  Strength  of  Materials  bv 
moshenko,  pt.  I.  p.  58 


modate  itself  to  the  shape  demanded  by  the  temperature 
differential  against  the  resistance  of  its  own  weight. 

Since  the  measured  deformations  are  not  the  result 
of  combined  stress  alone  it  is  necessary  to  modify  some- 
what equations  (1)  and  (2)  in  order  to  adapt  them  to 
this  method  of  determining  the  stresses  produced  by 
warping.  In  the  following  paragraphs  the  modified 
stress  formulas  are  developed  for  each  of  the  four  gage 
positions  that  were  shown  in  figure  5.  The  subscripts 
indicate  the  particular  gage  position  that  is  being  re- 
ferred to. 

5  =  the  unit  change  in  the  length  of  the  concrete 

from  all  causes  as  actually  measured  by  the 
strain  gage. 

6  =  the  unit  change  in  the  length  of  the  concrete 

as  measured  by  the  strain  gage  but  with  a 
correction  applied  for  the  effect  of  the  stress 
in  a  direction  perpendicular  to  that  being 
considered . 

e  =  the  unit  change  in  length  of  the  concrete 
caused  by  stress  (unit  strain). 

n  =  Poisson's  ratio. 

Referring  again  to  the  four  gage  positions  shown  in 
figure  5: 

e„=5a— nec 

ec  =  &c 

^d=1Sd  —  fj.eb 

Assuming  that  the  concrete  at  point  a  is  completely 
free  to  deform  and  using  this  deformation  as  a  base, 
the  strains  at  the  four  positions  are: 

ea=0 
ei,=ea  —  eb 

Cd  =  «a  —  «<* 

If  the  proper  values  of  e  are  substituted  in  these  for- 
mulas the  strains  in  the  concrete  can  be  determined. 
These  formulas  multiplied  by  E,  the  modulus  of  elas- 
ticity of  the  concrete,  are  formulas  for  stress,  expressed 
in  terms  of  the  measured  deformations  and  the  elastic 
constants  of  the  material.  They  have  the  following 
form: 


ov 


0 


<5«  —  db-]rn(8c— 5d)  j-, 

ab  —         — z —    —tL 

1  — M 


1   •  -n 


E 


CTd 


8,i  —  Sd-\-fi(Sc—Sb) 


E 


Using  the  method  described  the  stresses  resulting 
from  temperature  warping  during  the  day  were  deter- 
mined for  all  of  the  gage  positions  shown  in  figure  6 
for  the  6-  and  9-inch  constant-thickness  sections.  Foi 
the  conditions  of  warping  that  develop  at  night  th( 
stresses  determined  were  those  along  the  lines  A-C  anc 
D-E  and  for  the  6-inch  constant-thickness  section  only 

The  deformations  in  the  concrete  were  measured  wit! 
the  recording-strain  gage  that  has  been  previously 
described.11  Because  of  the  nature  of  the  tests  it  wa 
necessary  to  expose  the  strain  gages  to  a  wide  variatioi 
in  air  temperature,  varying  from  complete  shade  am 

"  See  An  Improved  Recording  Strain  Gage,  PUBLIC  ROADS,  vol.  14,  no.  I 
December  1933.  j 
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Figure  6. — Plan  of  10-  by  20-Foot  Section  Showing  Loca- 
tion of  All  Strain  Gages  Used  in  Determining  the 
Stresses  Caused  by  Restrained  Warping. 

low  temperature  to  full  exposure  to  the  sun's  rays  and 
high  temperature,  during  the  period  that  the  deforma- 
tions were  developing.  The  gages  are,  by  their  design, 
compensated  for  temperature  changes  to  an  extent  that 
makes  the  effect  of  ordinary  temperature  changes  neg- 
ligible. Also,  since  all  gages  in  the  test  were  exposed  to 
the  same  temperature  conditions,  theoretically  the  com- 
parison of  deformations  used  to  determine  the  stresses 
would  be  unaffected  by  temperature  change. 

In  order  to  insure  the  greatest  precision  possible  in 
these  measurements,  it  was  thought  advisable  to  give 
all  of  the  gages  some  measure  of  protection  from  the 
extreme  temperatures  to  which  they  were  exposed. 
Figure  7  shows  a  close-up  view  of  one  of  the  ventilated 
covers  used  for  this  purpose.  These  covers  were  made 
of  sheet  metal  covered  with  corrugated  paper  board  as 
insulation.  The  cover  was  painted  white  on  the  out- 
side to  minimize  heat  absorption  and  the  ends  were  left 
open  to  allow  the  air  to  circulate  around  the  gage. 
The  shelters  were  made  as  small  as  possible  in  order 
that  the  shade  afforded  the  gages  would  cover  no 
appreciable  portion  of  the  slab. 

The  tests  to  determine  the  stresses  produced  by  the 
restrained  temperature  warping  were  made  during  the 
spring  and  summer  months  for  the  day  condition  and 
;  during  the  fall  months  for  the  night  condition,  because 
the  temperature  data  showed  that  the  maximum 
temperature  differential  for  each  condition  occurred 
at  these  respective  seasons  of  the  year. 

STRESSES    CAUSED    BY    RESTRAINED    MOISTURE    WARPING 
DIFFICULT  TO  OBTAIN 

At  the  present  time  there  are  two  chief  obstacles 
that  prevent  the  development  of  information  concern- 
ing the  stresses  caused  by  restrained  moisture  warping 
comparable  in  scope  to  that  developed  on  the  subject 
pf  restrained  temperature  warping.  The  first  of  these, 
the  inability  to  determine  with  any  precision  the 
character  of  the  moisture  distribution  in  the  concrete, 
las  already  been  mentioned.  The  second  is  the 
lecessity  of  a  very  long  period  over  which  the  strain 
)bservations  must  be  continuous.     In  this  investiga- 

ion  it  has  not  yet  been  possible  to  make  a  determina- 

ion  of  the  stresses  resulting  from  moisture  warping, 
owever,  later  in  this  report  there  is  some  discussion 

f  the  subject  based  on  certain  observations  that  have 

een  made. 

DATA  PRESENTED  AND  DISCUSSED 

,  To  give  an  idea  of  the  weather  conditions  that  prevail 
i  the  area  where  the  tests  were  made,  certain  pertinent 
neteorological  data  covering  the  period  from  Novem- 


Figure  7. — Small  Protective  Cover  Used  Over  the  Strain 
Gages  in  Determining  Stresses  Caused  by  Restrained 
Warping. 

her  1,  1931,  to  November  1,  1932,  are  given  in  figure  8. 
This  figure  shows  the  daily  and  annual  temperature 
variations,  the  monthly  precipitation,  and  the  monthly 
average  relative  humidity  for  a  period  that  is  believed 
to  be  typical.  It  will  be  noted  that  there  is  compara- 
tively little  freezing  weather  during  the  year,  so  little 
in  fact  that  the  earth  beneath  concrete  pavement  sec- 
tions is  rarely  frozen.  It  was  not  possible  to  study  the 
structural  behavior  of  the  sections  for  the  condition  of  a 
frozen  subgrade  as  extensively  as  was  desired.  The 
daily  and  annual  temperature  variations  are  large,  how- 
ever, and  during  the  period  of  the  tests  a  wide  range  of 
temperatures  was  encountered. 

The  temperature  of  the  concrete  in  the  pavement  was 
measured  on  a  number  of  days  during  the  year  for  the 
purpose  of  studying  the  daily  temperature  variations  of 
the  concrete  at  different  seasons.  In  some  cases  these 
observations  were  made  at  1  or  2-hour  intervals  for  the 
complete  24-hour  period;  in  other  cases  they  were 
started  at  about  4  a.  m.  and  continued  until  late  in  the 
evening.  From  the  data  obtained  it  is  possible  to  find 
the  critical  temperature  conditions  for  each  of  the  days 
and,  inasmuch  as  the  observations  were  made  on  days 
when  large  changes  occurred,  it  is  also  possible  to  form 
an  accurate  idea  of  the  occurrence  of  critical  tempera- 
ture conditions  throughout  the  year.  Table  1  con- 
tains typical  data  obtained  in  this  manner  from  the  6- 
and  9-inch  temperature  slabs.  This  table  shows  the 
average  temperature  of  the  concrete  when  it  was  at  the 
minimum  and  the  maximum  values  for  the  day  on  which 
the  observations  were  made.  It  also  shows  the  actual 
measured  temperatures  in  the  upper  and  lower  surfaces 
of  the  two  slabs. 

The  tabulated  difference  between  these  two  tempera- 
tures may  not  be  the  effective  temperature  differential, 
since  the  temperature  gradient  between  the  two  sur- 
faces may  or  may  not  be  uniform.  This  point  will  be 
discussed  more  fully  later. 

Several  interesting  facts  are  brought  out  in  this  table. 
It  is  shown  that  the  average  slab  temperature  varies 
about  75°  F.  during  the  year.  This  figure  is  important 
because  it  is  the  value  that  controls  the  magnitude  of 
the  annual  change  in  length  of  the  pavement  caused 
by  temperature  changes.  The  maximum  surface  tem- 
perature recorded  during  this  period  was  112.5°  F. 
The  data  show  that  the  temperature  of  the  6-inch  slab 
is,  as  a  whole,  much  more  responsive  to  variations  in 
air  temperature  than  is  the  9-inch  slab,  yet  the  actual 
temperature  differential  between  the  upper  and  lower 
surfaces  is  always  greater  for  the  thicker  slab.  Under 
certain   maximum   conditions   the   value   of   the   tern- 
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Figure  8. — Annual  Variations  in  Air  Temperature,  Relative  Humidity,  and  Precipitation. 
Table  1. — Observed  temperatures  in  concrete  pavements  (degrees  F.) 


6<a 

ti 

1u? 


Average  temperature  of  concrete 

Maximum  temperature  values 

6-inch  slab 

9-inch  slab 

.  Night 

Day 

Date 

6-inch  slab 

9-inch  slab 

6-inch  slab 

9-iuch  slab 

Mini- 
mum 

Maxi- 
mum 

Mini- 
mum 

Maxi- 
mum 

Bottom 

Top 

Differ- 
ence 

Bottom 

Top 

Differ- 
ence 

Bottom 

Top 

Differ- 
ence 

Bottom 

Top 

Differ 
ence 

1931 
Nov.  24 

65.1 

53.0 

29.4 

62.1 

59.2 

70.0 

10.8 

55. 6 

69.1 

13 

Nov.  25 _ 

52.2 
26.6 

56.3 
31.1 

52.3 
24.4 

4.0 

6.7 

57.2 
36.1 

62.0 
24.6 

5.2 
11.5 

1932 

Feb.  1 

Apr.  14 

41.2 
67.6 

40.8 
63.  6 

36.7 
59.7 
56.8 
80.2 
90.9 
81.3 
90.7 
64.8 
46.4 

32.0 
49.5 
56.8 
74.5 
72.7 
80.6 

44.9 
81.0 
76.1 
102.7 
112.5 
101.7 
106.3 
76.5 
58.3 

40.5 
65.1 

81.1 
96  1 

8.2 
21.3 
19.3 
22.5 
21.6 
20.4 
15.6 
11.7 
11.9 

8.5 
15.6 
24.3 
21   fi 

35.8 
50.0 
51.6 
69.3 
82.8 
80.2 

45.3 
81.0 
73.9 
96.1 
111.7 
105.8 

9 
31 

Apr.  15 

39.9 
65.5 
75.4 
70.7 
77.5 
60.3 
37.4 

28.5 
37.0 
42.8 
59.7 
60.1 
69.8 

42.3 
63.5 
76.7 
72.0 

43.0 
70.3 
79.9 
73.8 
78.8 
61.0 
40.5 

31.1 
39.4 
45.9 
63.0 
63.0 
73.2 

36.5 
63.9 
75.4 
68.4 
76.1 
59.7 
34.9 

27.0 
35.1 
39.9 
56.  7 
57.4 
67.5 

6.5 
6.4 
4.5 
5.4 
2.7 
1.3 
5.6 

4.1 
4.3 
6.0 
6.3 
5.6 
5.7 

48.9 
68.9 
81.3 
75.4 

39.7 
61.3 
75.6 
68.0 

9.  2 

7.6 
5.7 
7.4 

22 

June  8 

91.9 
102.7 

98.4 
100.2 

70.0 

56.7 

40.6 

58.8 
69.4 
85.6 
86.7 
92.8 

84.0 
96.8 
93.7 

2f 

July  13.. 

2* 

Aug.  5. 

2i 

Sept.  1 

Oct.  n 

Nov.  4 

1933 
Jan.  3 

Feb.  24 

Apr.  13 

May  19 

June  2 

94.1          21.4 
99  3 

Aug.  15 _ 

perature  differential  in  the  9-inch  slab  is  nearly  50 
percent  greater  than  the  corresponding  value  in  the 
6-inch  slab.  The  maximum  differential  observed  at 
any  time  in  the  6-inch  section  was  24.3°  F.,  while  in 
the  9-inch  slab  it  was  31°  F. 

RANGE    OF    DAILY    PAVEMENT    TEMPERATURES    DETERMINED 

From  the  data  that  are  summarized  in  table  1,  four 
individual  cycles  of  observations  were  selected  for 
graphical  presentation  to  illustrate  the  range  and 
character  of  the  daily  and  annual  variations  in  tem- 
perature that  occur  in  concrete  pavements  in  this 
locality.  Each  of  the  four  cycles  chosen  is  typical 
for  the  season  in  which  it  occurred  although,  as  men- 
tioned  before,   the  observations  were  made   on   days 


when  there  were  large  variations  in  the  temperature  )! 
the  pavement  for  that  particular  season.  In  figuiJ 
9,  10,  and  11  these  data  are  presented  in  different  ways 
each  graph  being  arranged  to  bring  out  the  signifiean  lj 
of  the  data  with  respect  to  some  particular  point. 

The  character  of  the  daily  variation  of  temperati  tj 
throughout  the  depth  of  the  6-  and  9-inch  slabs 
shown  in  figure  9  by  means  of  gradient  curves  tak  i 
periodically  throughout  the  day.     It  is  apparent  tl  £i 
the  variations  are  much  greater  during  the  day  when  i  : 
sun  is  shining  than  at  night,  and  also  that  the  great 
variations  occur  during  the  warm  seasons  of  the  ye  i 
Both  of  these  effects  are  caused  by  the  absorption 
heat  from  the  sun's  rays,  and  the  more  intense  1 
sunlight  the  greater  will  be  the  effect. 
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Figure    9. — Typical    Daily    and    Seasonal    Temperature 
Variations  in  Concrete  Pavement  Sections. 

Figure  9  shows  why  the  difference  between  the  tem- 
peratures of  the  two  surfaces  of  a  pavement  is  not 
necessarily  the  effective  temperature  differential.  It 
is  probable  that  an  average  line  drawn  through  each 
of  the  gradient  curves  shown  in  this  figure  would  give 
a  better  appro ximation  of  the  effective  differential. 
This  is  the  method  that  has  been  used  for  determining 
the  values  of  the  differential  given  in  this  report.  It 
should  be  noted  that  in  the  early  morning  and  in  the 
afternoon  when  the  maximum  temperature  differentials 
occur,  there  is  approximately  a  straight-line  gradient 
in  temperature  between  the  upper  and  lower  surfaces 
of  the  concrete.  These  are  the  two  times  of  the  day 
that  are  most  important  in  the  determination  of 
stresses  caused  by  warping. 

It  is  not  unusual  at  certain  seasons  of  the  year  to 
find  that  the  absorption  of  the  heat  from  the  sun  has 
caused  the  temperature  in  the  upper  surface  of  the  slab 
to  be  from  10°  to  20°  F.  higher  than  the  air  temperature. 
The  effect  is  greatest  when  the  angle  of  incidence  of  the 
sun's  rays  to  the  pavement  surface  is  greatest.  In 
figure  10  the  relation  between  the  air  temperature, 
the  average  slab  temperature,  and  the  temperatures  of 
the  two  surfaces  are  shown  for  typical  days  at  four 
different  times  during  the  year. 

As  previously  explained,  the  average  pavement 
temperature  is  obtained  by  averaging  the  values 
obtained  from  all  of  the  thermocouples  throughout  the 
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Figure    10. — Relation  op  Air  Temperature  to   Pavement 
Temperature. 

slab  depth.  For  this  reason  the  average  temperature 
may  not  be  equal  to  the  mean  of  the  upper  and  lower 
surface  temperatures.  These  curves  show  the  rapidity 
with  which  the  temperature  of  the  upper  surface 
changes  during  the  day  and  the  extent  to  which  it 
rises  above  air  temperature  during  certain  parts  of  the 
year. 

FACTORS  AFFECTING  PAVEMENT  TEMPERATURE  DISCUSSED 

During  the  warmer  seasons  of  the  year  even  the 
average  temperature  of  the  concrete  rises  above  the 
air  temperature  for  considerable  periods  of  time.  The 
temperature  of  the  concrete  on  any  one  day  is  controlled 
not  only  by  the  air  temperature  on  that  day  but  also 
by  several  other  factors  such  as  the  angle  of  incidence 
of  the  sun's  rays,  the  previous  temperature  conditions, 
particularly  as  they  affect  the  temperature  of  the  sub- 
grade,  the  moisture  conditions,  and  the  humidity  of 
the  atmosphere. 

An  example  of  the  effect  of  these  other  factors  is 
found  in  the  data  in  figure  10  for  February  1,  1932.  It 
will  be  observed  that  the  temperatures  of  both  surfaces 
of  the  slab  are  higher  than  the  air  temperature  on  this 
date.  An  examination  of  the  temperature  data  for 
the  period  showed  that  for  several  days  preceding 
February  1  higher  temperatures  had  prevailed.  The 
heat  absorbed  by  the  concrete  and  the  subgrade  during 
the  warmer  period  had  not  been  dissipated  when  the 
observations  shown  in  the  figure  were  made. 

The  observed  differences  in  temperature  between 
the  upper  and  lower  surfaces  of  the  6-inch  and  9-inch 
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Figure  11. — Typical  Daily  and  Seasonal  Variations  of 
Temperature  Differentials  in  Concrete  Pavement 
Sections. 

slabs,  for  the  4  typical  clays,  are  shown  in  figure  11. 
The  positive  values  indicate  differences  when  the  upper 
surface  of  the  pavement  is  warmer  than  the  lower 
surface,  while  the  negative  values  apply  to  the  opposite 
condition.  The  principal  purpose  of  this  chart  is  to 
assist  hi  tracing  the  variations,  during  the  day  and 
during  the  year,  of  the  temperature  differences  that 
cause  warping. 

It  will  be  noted  that  during  the  spring  and  summer 
months  when  the  daily  changes  in  the  temperature  of 
the  concrete  are  large,  the  difference  between  the 
maximum  positive  temperature  differentials  in  the  6- 
and  9-inch  constant-thickness  slabs  is  approximately 
proportional  to  the  difference  in  slab  depths.  During 
the  late  fall  and  winter  months,  however,  when  the 
daily  changes  in  the  temperature  of  the  concrete  are 
much  smaller,  the  difference  between  the  positive 
temperature  differentials  is  much  smaller.  The  maxi- 
mum difference  between  the  positive  temperature  differ- 
entials of  the  two  slabs  appears  to  be  in  the  spring.  At 
this  time,  although  the  intensity  of  the  sunlight  is  very 
great,  the  subgrade  is  still  relatively  cold  and  the  sub- 
grade  under  the  9-inch  slab  warms  up  more  slowly 
than  that  under  the  6-inch  slab.  The  negative  tem- 
perature differentials  are  so  small  and  vary  so  much 
from  day  to  day  that  it  is  difficult  to  find  any  direct 
relation  between  these  temperature  differentials  in 
slabs  of  different  thicknesses  and  at  different  times  of 
the  year. 

Mention  was  made  previously  of  thermocouples  that 
were  installed  especially  to  determine  the  effect  of  a 
thickened-edge  cross  section  on  the  magnitude  of  the 


Table   2. — Observed   maximum  temperature  differentials  between 
the   upper   and  lower   surfaces   of  concrete   pavement   sections 


Date.  1934 


Apr. 
Apr. 
Apr. 
Apr. 
Apr. 
Apr. 
Apr. 
Apr. 
Apr. 
Apr. 
Apr. 
May 
May 
May 
May 
May 
May 
May 
May 
May 
May 
Max- 
May 
May 
June 
June 
June 


Maximum  temperature  differential 


Attheicrness  sec°Uonsnt"     Thickened-edge  section,  9-6-9  inch 


6-inch  slab 


>F. 


9-inch  slab 


>F. 


Edge 


18  inches 
from  edge 


36  inches 
from  edge 


21 
20 
15 
22 
21 
22 
22 
20 
19 
20 
21 
25 
27 
26 
22 
20 
24 
24 
25 
24 
28 
26 
21 
21 
26 
22 
23 


temperature  differentials  developed  for  various  condi- 
tions of  air  and  subgrade  temperature. 

Table  2  contains  data  obtained  from  measurements 
made  on  three  of  the  test  sections  during  a  2-month 
period  in  the  spring  of  1934.  Each  temperature 
differential  shown  is  the  maximum  that  occurred  during 
the  particular  day,  and  the  observations  were  made 
when  there  were  large  temperature  variations  for  the 
season  of  the  year.  The  second  and  third  columns  of 
the  table  show  the  observed  differentials  at  the  edges 
of  the  6-inch  and  9-inch  constant-thickness  sections, 
respectively,  while  the  last  three  columns  contain 
comparative  data  at  three  points  along  the  cross 
section  of  a  representative  thickened-edge  section. 

A  comparison  of  the  values  in  the  second  with  those 
in  the  fourth  column  shows  the  relation  between  the 
temperature  differential  at  the  edge  of  a  6-inch  slab 
that  is  not  thickened  at  the  edge  and  that  of  one  that 
is  thickened  to  9  inches.  A  similar  comparison  of  the 
data  in  the  third  and  fourth  columns  shows  the  relation 
between  the  differential  of  temperature  in  the  9-inch 
edge  of  a  constant-thickness  slab  and  that  in  the  9-inch 
edge  of  a  thickened-edge  cross  section.  These  compari- 
sons show  that  the  temperature  differential  that 
develops  at  the  edge  of  a  9-6-9  thickened-edge  design 
is  approximately  equal  to  that  in  the  edge  of  a  9-inch 
constant-thickness  section  and  is  approximately  45 
percent  greater  than  that  in  the  edge  of  a  6-inch 
constant-thickness  section.  It  is  indicated  by  these 
data,  therefore,  that  increasing  the  edge  thickness  of  a 
pavement  may  be  expected  to  result  in  a  proportionate 
increase  in  the  temperature  differential  in  the  edge 
region  of  the  slab. 

The  data  in  the  last  three  columns  show  the  tem- 
perature differentials  observed  at  distances  of  2,  18, 
and  36  inches  from  the  free  edge  of  the  9-6-9  section. 
The  data  obtained  at  a  point  36  inches  from  the  edge 
probably  represent  very  closely  those  that  would  be 
found  throughout  the  6-inch  interior  portion  of  a  slab 
of  this  design.  Comparing  the  values  in  the  fourth 
column  with  those  in  the  sixth,  it  is  indicated  that  the 
differential  in  the  edjre  of  this  section  averaeed,  for  the 
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period  of  the  measurements,  about  20  percent  greater 
than  that  at  a  point  36  inches  from  the  edge.  At  a 
point  18  inches  from  the  edge  the  increase  was  approxi- 
mately 13  percent.  The  edge  depth  is  50  percent 
greater  than  the  depth  36  inches  from  the  edge  and,  of 
course,  the  increase  in  depth  at  18  inches  from  the  edge 
is  one-half  of  this  or  25  percent.  Hence,  it  appears  that 
the  increase  in  the  temperature  differential  near  the 
edges  over  that  in  the  interior  of  this  thickened-edge 
design  is  less  than  would  be  expected  in  view  of  the 
relation  of  center  depth  to  edge  depth.  It  is  believed 
that  this  is  due  to  the  stabilizing  influence  of  the  earth 
shoulder  along  the  vertical  face  of  the  slab  edge  that 
acts  to  reduce  somewhat  the  temperature  differential. 
This  would  apply  to  both  thickened-edge  and  constant- 
thickness  sections,  although  the  result  will  probably  be 
less  as  the  edge  thickness  of  the  sections  is  reduced. 

EXPANSION  AND  CONTRACTION  OF  PAVEMENT  SLABS  MEASURED 

At  the  same  time  that  the  temperature  determina- 
tions were  made  the  change  in  length  of  one  of  the  40- 
foot  test  sections  was  measured.  In  figure  12  the 
variations  in  length  of  this  section  are  shown,  together 
with  the  simultaneous  variations  in  the  average  tem- 
perature of  the  concrete.  These  data  are  plotted  to  a 
common  base  for  the  same  four  cycles  considered  in  the 
discussion  of  the  temperature  data.  It  will  be  noted 
that  there  is  a  very  close  phase  relation  between  the 
temperature  and  expansion  curves,  there  being  little 
or  no  lag  even  at  those  times  of  the  day  when  the 
temperature  is  changing  most  rapidly.  The  lag  of  the 
average  pavement  temperature  with  respect  to  air 
temperature  has  already  been  shown  in  figure  10. 

These  data  show  that  for  a  given  average  temperature 
the  pavement  does  not  always  have  the  same  length. 
For  example,  at  an  average  temperature  of  60°  F.  in 
November  the  change  in  length,  with  respect  to  a  certain 
base,  was  —0.0105  inch,  while  in  April  it  was  +0.017. 
This  indicates  that  in  the  5  months  between  November 
and  April  the  length  of  the  slab  has  increased  0.0275 
inch  from  some  cause  other  than  temperature  changes. 

In  the  vicinity  of  Washington,  L).  C,  the  mean 
monthly  precipitation  was  averaged  for  the  period 
covered  by  the  observations  (1931  to  1934,  inclusive) 
and  it  was  found  to  be  4.6  inches  for  the  summer 
months  (April  to  September,  inclusive)  and  3.1  inches 
for  the  winter  months  (October  to  March,  inclusive). 
Thus  the  precipitation  was  greatest  for  the  period 
when  the  slabs  were  found  to  be  shortest  for  a  given 
temperature.  However,  evaporation  measurements 
made  in  this  locality  a  number  of  years  ago  by  the 
Weather  Bureau  show  that  during  the  summer  months 
the  loss  from  a  free-water  surface  averages  more  than 
6  inches  per  month,  while  during  the  winter  the  loss 
through  evaporation  is  very  small. 

This  suggests  that  beginning  in  the  late  fall  there 
should  be  a  progressive  increase  in  the  moisture  content 
of  the  soil  that  continues  until  the  spring  temperature 
rise  begins,  after  which  there  should  be  a  corresponding 
progressive  decrease.  Such  soil-moisture  determina- 
tions as  were  made  confirmed  this  idea.  This  being 
true,  it  seems  reasonable  that  during  the  summer 
months  lowered  moisture  content  in  the  subgrade  and 
a  relatively  high  evaporation  rate  reduce  the  moisture 
content  of  the  concrete  and  that  the  opposite  conditions 
in  the  winter  will  increase  the  moisture  content  of  the 
concrete  and  thus  account  for  the  observed  volume 
changes. 
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Figure    12. — Variations   in   Slab    Length    Compared    with 
Variations  in  Average  Concrete  Temperature. 

In  order  to  separate  the  changes  in  length  resulting 
from  these  two  different  causes  so  that  the  magnitude 
of  each  could  be  determined,  the  data  obtained  during 
the  various  daily  cycles  of  observations  were  grouped 
on  a  single  sheet  and  all  referred  to  a  common  base  for 
comparison  in  the  manner  shown  in  figure  13.  The 
changes  in  slab  length  measured  on  any  given  day  are 
plotted  against  the  corresponding  average  concrete 
temperatures.  The  plotted  points  pertaining  to  a 
day's  observations  are  averaged  with  a  straight  line, 
the  slope  of  which  is  the  coefficient  of  thermal  expansion 
for  the  slab  as  a  whole,  as  indicated  by  those  particular 
data.  Since  all  of  the  data  are  plotted  to  a  common 
base,  the  spread  horizontally  between  these  daily 
average  lines  is,  when  taken  at  a  common  temperature, 
a  measure  of  the  expansion  resulting  from  causes  other 
than  temperature  changes. 

Figure  13  contains  a  few  typical  data  plotted  in  this 
manner  for  the  purpose  of  demonstrating  the  method 
of  analysis.  In  this  graph  the  coefficient  of  thermal 
expansion  of  the  concrete,  as  determined  in  the  labora- 
tory, is  shown  by  the  slope  of  the  dash  line  through  the 
center.  It  will  be  noted  that  the  lines  showing  the 
daily  averages  appear  to  converge  slightly  toward  the 
dash  line.  Throughout  the  data  this  convergence 
varies  systematically  with  the  season,  indicating  that 
the  coefficient  of  thermal  expansion  determined  from 
the  daily  observations  of  slab  expansion  undergoes 
a  small  annual  variation.  The  cause  of  this  was  not 
determined  but  it  seems  likely  that  the  coefficient  of 
thermal  expansion  effective  in  the  slabs  varies  slightly 
with  the  moisture  content  of  the  concrete. 

It  is  possible  also  that  warping  in  the  slab  introduces 
a  small  error  in  the  determination  of  the  slab  length, 
and  such  an  error,  if  present,  would  tend  to  vary 
systematically  in  the  same  manner  as  does  the  extent 
of  the  warping.  The  possibility  of  subgrade  resistance 
variation  being  a  factor  was  also  considered  but  calcu- 
lations indicate  that  the  variations  in  subgrade  resist- 
ance caused  by  variations  in  subgrade  moisture  would 
produce  an  effect  of  negligible  magnitude. 
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Various  Periods  During  the  Year. 

In  order  to  eliminate,  to  the  fullest  extent  possible, 
any  error  caused  by  this  slight  convergence,  the  deter- 
mination of  spread  was  made  by  extending  auxiliary 
dotted  lines  from  the  center  of  gravity  of  each  day's  ob: 
servations  and  parallel  to  the  dash  line  previously 
mentioned  to  an  intersection  on  a  common  tempera- 
ture line,  chosen  arbitrarily  at  70°  F.  in  this  instance. 
The  distance  between  intersections  is  a  measure  of  the 
length  change  attributed  to  moisture. 

CHANGES  IN  PAVEMENT  LENGTH  CAUSED  BY  VARIATIONS  IN 
MOISTURE  CONTENT  DETERMINED 

In  figure  13  data  from  only  five  sets  of  observations 
are  shown.  Actually,  observations  were  made  on  a 
great  many  days  and  all  of  the  data  were  analyzed  in 
this  way.  From  this  analysis  the  variations  in  the 
length  of  the  40-foot  test  section  resulting  from  varia- 
tions in  moisture  content  were  obtained  nt  frequent 


intervals  during  a  5-year  period.  The  change  in 
length  resulting  from  variations  in  moisture  content 
alone  during  this  time  is  shown  in  figure  14,  plotted 
with  respect  to  the  original  length  at  the  time  that  the 
concrete  took  its  initial  set.  The  measurements  of 
length  change  were  made  on  one  section  with  the  em- 
bedded telemeter  during  the  period  between  September 

1930  and  August  1932,  and  with  the  micrometer  on 
another  section  during  the  period  between  November 

1931  and  September  1935.  During  the  8  months 
between  November  1931  and  August  1932,  data  from 
both  methods  are  available  and  there  is  very  close 
agreement  between  them. 

This  graph  indicates  that  there  is  an  annual  cyclic 
variation  in  length  caused  by  variations  in  moisture 
content,  the  sections  being  longest  (for  a  given  tempera- 
ture) during  the  winter  and  shortest  during  the  summer. 
The  magnitude  of  this  length  change  is  appreciable, 
corresponding  to  that  which  would  be  caused  by  a 
temperature  change  of  20°  to  40°  F.  for  the  different 
years  during  which  the  measurements  were  made.  In 
a  40-foot  section  this  variation  in  length  amounts  to 
about  0.05  to  0.10  inch. 

It  will  be  noted  that  there  is  a  considerable  variation 
in  the  extent  of  this  length  change  for  the  different 
years,  the  smallest  change  occurring  in  1930-31  and 
the  largest  thus  far  observed  in  1932-33.  It  is  be- 
lieved that  the  variation  in  the  magnitude  of  the  length 
change  from  year  to  year  is  the  result  of  the  particular 
precipitation  and  evaporation  conditions  that  happened 
to  prevail.     The  precipitation  record  is  as  follows: 

Inches 

1930 21.  7 

1931 33.  5 

1932 49.  5 

1933 49.  1 

1934 ...    51.  1 

Unfortunately,  there  is  not  a  similar  record  of  the 
annual  evaporation  at  the  site  of  the  tests.  Nor  was 
it  practicable  to  determine  the  annual  variation  in  the 
moisture  content  of  the  concrete  over  this  period.  As 
previously  stated,  there  was  no  dependable  method 
available  for  determining  the  moisture  content  of  the 
concrete  in  the  pavement.  Using  fragments  broken 
from  the  specimen  slabs  and  determining  the  moisture 
content  by  drying  in  the.  laboratory,  it  was  found  that 
the  concrete  contained  3.5  percent  moisture  during  the 
summer  and  3.8  percent  during  the  winter.  These 
values  should  be  considered  as  nothing  more  than  an 
indication  of  the  variation  of  the  moisture  content  of 
the  pavement. 
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The  data  presented  in  figure  14  show  a  definite  pro- 
gressive increase  in  the  length  of  the  pavement  that 
has  become  more  marked  during  the  fourth  and  fifth 
years.  The  slab,  during  the  summer  of  1934,  was 
longer  than  in  the  summer  of  1931  by  1  part  in  10,000. 
This  may  seem  to  be  a  small  amount  but  it  represents 
a  length  gain  of  6.3  inches  in  a  mile  of  pavement. 
Looking  at  it  another  way,  if  the  slab  ends  were  com-  j 
pletely  restrained  such  a  length  gain  might  develop  a 
compressive  stress  of  several  hundred  pounds  per  squa  re 
inch. 

Although  this  tendency  for  concrete  to  "grow"  in 
the  presence  of  moisture  has  long  been  known  and  has 
been  the  subject  of  much  speculation  and  experiment, 
the  phenomenon  is  not  well  understood  and  the  ultimate 
extent  of  the  growth  cannot  be  predicted  for  given 
materials  and  conditions  of  exposure  with  the  informa- 
tion that  has  thus  far  been  developed. 

COEFFICIENTS  OF  THERMAL    EXPANSION    FOR    CONCRETE  DETER- 
MINED BY  BOTH  LABORATORY  AND  FIELD  TESTS 

In  figure  13  the  variation  in  slab  length  was  compared 
with  the  variation  in  average  concrete  temperature  for 
typical  cycles  of  daily  observation.  Such  data  can  be 
used  to  determine  the  coefficient  of  thermal  expansion 
that  is  effective  for  the  slab  as  a  whole.  In  figure  15 
this  has  been  done.  The  graph  was  constructed  by 
plotting  the  maximum  change  in  length  for  each  daily 
cycle  against  the  corresponding  change  in  the  average 
temperature  of  the  slab.  Each  daily  cycle  of  observa- 
tions thus  supplied  one  point  for  the  figure.  Through 
these  points  a  straight  line  was  drawn  to  average  the 
data.  The  slope  of  this  average  line  is  the  coefficient 
of  thermal  expansion  that  affects  the  slab  as  it  lies  on 
the  subgrade.  The  value  of  the  coefficient  as  obtained 
by  the  method  just  described  is  0.0000047  inch  per 
inch  per  degree  F.  from  the  telemeter  data,  and 
0.0000049  inch  per  inch  per  degree  F.  from  the  mi- 
crometer measurements  at  the  ends  of  the  slab.  These 
values  compare  with  one  of  0.0000048  determined  for 
the  same  concrete  in  the  laboratory. 

The  method  used  in  the  laboratory  determinations 
was  described  in  part  1  of  this  seiies  of  papers.  It 
consists,  briefly,  of  the  casting  of  a  12  by  24-inch 
cylindrical  specimen  in  a  moisture-tight  copper  con- 
tainer with  a  telemeter  or  recording  strain  gage  of  the 
electrical  resistance  type  embedded  in  the  center  of  the 
specimen.  As  previously  noted,  each  telemeter  con- 
tains a  resistance  thermometer,  thus  permitting  simul- 
taneous observations  of  deformations  and  temperatures. 

After  the  concrete  had  hardened  and  cooled,  the 
sealed  cylinder  was  placed  in  water  baths  at  32°  F. 
and  110°  F.  alternately  a  number  of  times,  remaining 
in  each  until  complete  temperature  equilibrium  was 
attained.  Since  loss  of  moisture  is  prevented  by  the 
copper  jacket,  the  difference  in  length  measured  by  the 
telemeter  under  these  conditions  is  the  result  of  tem- 
perature change  and  from  it  the  value  of  the  coefficient 
I  of  thermal  expansion  was  obtained.  The  method  was 
Hater  used  for  determining  the  thermal  coefficient  for 
the  concrete  in  connection  with  the  elaborate  test 
program  on  the  Rogue  River  bridge.12 

The  close  agreement  between  the  coefficients  of 
thermal  expansion  for  the  pavement  and  those  obtained 
with  unrestrained  concrete  in  the  laboratory  indicates 
that  the  stresses  in  the  pavement  caused  by  the  resist- 

1!Application  of  the  Freyssinet  Method  of  Concrete  Arch  Construction,  by  Gemeny 
ind  M  'Cullough.    Tech.  Bui.  No.  2,  Oregon  State  Highway  Department,  1933. 
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ance  of  the  subgrade  to  horizontal  slab  movement  must 
be  very  small. 

RESISTANCE  OF  SUBGRADE  TO  HORIZONTAL  SLAB  DISPLACEMENT 
MEASURED 

It  will  be  recalled  that  in  tfie  earlier  mention  of  these 
tests  it  was  stated  that  the  procedure  adopted  as  a 
result  of  the  preliminary  study  was  one  that  would 
subject  the  subgrade  to  the  same  manipulation,  as 
nearly  as  possible,  as  that  which  it  receives  under  a 
pavement. 

The.  test  slabs  were  moved  a  distance  of  approximately 
0.040  inch  during  a  period  of  approximately  6  hours  and 
they  were  moved  in  opposite  directions  on  alternate 
days.  The  displacement  of  the  slab  was  measured 
immediately  after  the  application  of  each  increment  of 
thrust  and  again  just  before  the  next  increment  was 
applied. 

Figure  10  shows  typical  data  resulting  from  one  of 
these  tests.  In  this  instance  the  horizontal  force,  or 
thrust,  was  applied  at  the  rate  of  50  pounds  every  10 
minutes  until  a  total  of  2,100  pounds  caused  visible 
sliding  to  begin.  As  soon  as  this  point  was  reached  the 
reduction  of  the  force  was  started  and  continued  at  the 
rate  of  100  pounds  every  10  minutes  until  all  horizontal 
thrust  had  been  removed. 

The  curve  shows  the  force-displacement  data  for  the 
entire  test.  As  the  increments  of  force  were  applied 
the  successive  increments  of  displacement  increased  in 
magnitude  in  a  ratio  that  closely  approximates  a 
parabola  as  shown  by  the  dotted  fine  adjacent  to  the 
curve.  During  tins  period  there  was  no  visible  evidence 
of  the  concrete  sliding  on  the  subgrade.  As  the  force 
being  applied  reached  a  value  of  approximately   150 
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Figure   18. 


-Relative   Movements  of  Pavement   and   Stjb- 
grade  for  a  6-lnch  slab. 


percent  of  the  weight  of  the  test  slab  there  is  evidence 
that  a  condition  of  actual  sliding  is  impending. 

In  this  test  free  sliding  occurred  with  a  thrust  equal 
to  175  percent  of  the  slab  weight  and  a  force  greater 
than  this  could  not  be  applied.  Reduction  of  this 
force  started  a  movement  of  the  slab  in  the  opposite 
or  return  direction,  and  in  tins  test  it  will  be  observed 
that  complete  removal  of  the  thrust  caused  a  recovery  of 
about  one  third  of  the  total  displacement.  This 
recovery  is  believed  to  result  from  elastic  deformation  of 
the  subgrade  caused  by  the  adherence  of  the  earth  to  the 
bottom  of  the  slab.  When  the  slab  moves  there  is  an 
actual  movement  of  the  subgrade  with  it. 

The  character  of  the  horizontal  movement  that  occurs 
in  the  subgrade  when  there  is  a  displacement  of  the  slab 
is  indicated  by  the  test  data  in  figure  17.  In  these  tests 
micrometer  dials  measured  the  horizontal  soil  movement 
at  depths  of  three-fourths  inch  and  4K  inches  as  the 
slab  was  being  moved.  The  particular  test  for  which 
the  data  are  shown  was  one  in  which  a  slot  or  groove 
5  inches  deep  had  been  cut  vertically  into  the  subgrade 
just  ahead  of  the  leading  edge  of  the  slab.  The  presence 
of  this  groove  probably  affected  somewhat  the  magni- 
tude of  the  displacements  produced  by  a  given  thrust. 

Figure  18  shows  the  average  data  obtained  from  a 
number  of  tests  in  which  the  "bending"  of  the  subgrade 
was  measured  without  the  disturbing  influence  of  the 
groove  just  mentioned.  The  subgrade  displacement 
in  this  figme  is  the  average  of  measurements  made  at 
both  sides  and  the  center  of  the  leading  edge  of  the  slab 
and  at  a  depth  of  three-fourths  inch.  In  will  be  ob- 
served that  at  this  depth  the  subgrade  movement  is 
about  30  percent  of  the  slab  displacement.  The  return 
movement  of  the  slab  after  the  release  of  the  thrust  is 
about  25  percent.     In  many  cases  the  percentage  of 
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Figure    19. — Force-Displacement    Curves    for    Repeated 
Tests  on  6-Inch  Slab. 

return  was  greater  than  this,  ranging  up  to  about  40 
percent  of  the  total  displacement. 

A  few  tests  were  made  to  determine  how  long  the 
subgrade  would  maintain  this  elastic  resistance  that 
caused  it  to  move  the  slab  back  toward  its  original 
position,  and  it  was  found  that  after  the  horizontal 
thrust  had  been  kept  at  a  constant  value  for  8  days 
and  then  released,  the  return  movement  was  practically 
as  great  as  if  the  slab  had  been  displaced  but  momen- 
tarily. This  indicates  that  the  subgrade  tested  had  a 
high  degree  of  elastic  action  for  small  displacements. 

Tests  were  made  in  which  the  siab  was  displaced  a 
given  amount  several  times,  in  exactly  the  same  man- 
ner each  time.  The  data  obtained  are  shown  in  figure 
19  and  it  appears  that  with  each  successive  application 
there  is  a  reduction  in  the  amount  of  thrust  required  to 
produce  a  given  movement.  A  condition  of  practical 
stability  seems  to  have  been  reached,  however,  after  a 
comparatively  small  number  of  movements.  These 
data  indicate  that,  for  a  given  subgrade,  the  resistance 
to  slab  movement  may  be  greater  for  the  first  move- 
ments of  the  newly  constructed  pavement  than  it  is 
later  when  the  concrete  has  expanded  and  contracted 
a  number  of  times. 

EFFECT   OF   SLAB    WEIGHT    ON    RESISTANCE  TO  HORIZONTAL  DIS- 
PLACEMENT  INVESTIGATED 

As  previously  mentioned,  some  effort  was  made  to 
determine  the  effect  of  slab  weight  on  the  resistance  to 
horizontal  displacement  by  means  of  tests  with  slabs 
of  2,  4,  6,  and  8-inch  thicknesses. 

In  making  these  tests  the  procedure  was  first  to 
move  the  slabs  forward  and  backward  through  a  dis- 
tance of  0.040  inch  several  times  until  it  appeared  that 
the  subgrade  resistance  had  become  stabilized  for  dis- 
placements of  this  magnitude.  The  test  slabs  were 
then  moved  through  distances  of  0.070  and  0.100  inch 
in  the  same  manner.  There  was  a  tendency  for  all  of 
the   slabs   to   continue    to   slide   under   the   action  ol 
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Fig  ore  20. — Force-Displacement  Curves  for  2-,  4-,  6-,  and 
8-Inch  Slabs. 

thrusting  forces  that  would  produce  the  0.100  inch  dis- 
placement, and  these  may  be  considered  as  the  maximum 
horizontal  resisting  forces  that  could  be  developed. 

Figure  20  shows  the  relation  between  thrusting  force 
and  displacement  for  each  thickness  of  slab.  The  data 
for  displacements  of  0.040  inch  or  less  were  obtained 
during  the  tests  in  which  the  maximum  displacement 
was  0.040  inch,  and  the  data  for  displacements  of  more 
than  0.040  inch  were  obtained  from  the  tests  in  which 
the  slabs  were  moved  either  0.070  or  0.100  inch. 

It  is  apparent  from  this  figure  that  the  forces  neces- 
sary to  move  the  slabs  of  different  thicknesses  do  not 
bear  a  constant  relation  to  the  respective  slab  weights 
for  the  subgrade  in  question.  In  this  connection  it  is 
well  to  bear  in  mind  that  the  total  displacement  of  the 
slab  may  be  composed  of  two  parts:  First,  an  elastic  or 
semielastic  displacement  of  the  soil  particles  with  no 
sliding  of  the  slab  as  such;  and  second,  an  actual  slip- 
ping of  the  slab  over  the  soil  surface.  The  first  action 
necessarily  begins  as  soon  as  slab  displacement  starts. 
Whether  or  not  the  second  action  follows  depends  upon 
the  nature  of  the  soil  and  the  magnitude  of  the  dis- 
placement. 

The  relation  between  thrusting  force  and  slab  thick- 
ness for  displacements  of  several  magnitudes  is  shown 
in  a  different  manner  in  figure  21.  Again  it  is  ap- 
parent that  the  magnitude  of  the  thrusting  forces 
required  is  not  directly  proportional  to  the  respective 
slab  thicknesses  (or  weights).  If  it  were,  the  sheaf 
of  curves  in  this  figure  would  all  be  straight  lines 
passing  through  the  origin  of  the  graph.  To  illus- 
trate the  variation  in  another  way,  if  all  of  the  resist- 
ing forces  were  summed  up  in  a  coefficient  to  be  ap- 
plied to  the  weight  of  the  slab,  the  value  of  this  coeffi- 
cient, instead  of  being  constant,  would  vary  with  slab 
weight  and  displacement  as  given  in  table  3. 

Table    3. —  Variations    of   subgrade    coefficients    of   resistance   to 
displacement  with  slab  weight 


Slab 
thick- 
ness 

Slab 
weight 

Coefficients  of  resistance  to  displacement 
for  displacements  of — 

0.01 

inch 

0.8 
.9 
1.1 
1.3 

0.02 

inch 

0.03 
inch 

0.04 
inch 

0.07 
inch 

2.1 
2.4 
2.8 
3.3 

0.10 
inch 

Inches 
8 
6 
4 
2 

Lbs.  per 

sq.  in. 

0.67 
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.33 
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Figure  21. — Relation's    Between   Slab   Thickness  and   Re- 
sistance to   Displacement. 

The  data  indicate  that  a  weightless  slab  in  intimate 
contact  with  the  subgrade  might,  under  certain  condi- 
tions of  soil  and  moisture,  develop  a  very  considerable 
resistance  to  horizontal  displacement. 

From  the  results  of  these  studies  it  seems  reasonable 
to  conclude  that  the  resistance  offered  by  the  subgrade 
to  the  horizontal  movement  of  a  pavement  slab  is  com- 
posed of  two  elements:  (1)  A  resistance  caused  by  an 
elastic  or  semielastic  deformation  within  the  soil;  and 
(2)  a  resistance  that  approximates  closely  that  of 
simple  sliding  friction.  The  first  of  these  appears  to  be 
independent  of  slab  weight,  while  the  second  varies 
directly  with  slab  weight.  It  seems  quite  probable 
that  the  relative  magnitudes  of  these  two  components 
will  vary  with  different  subgrade  soils,  although  no 
data  on  this  point  have  been  obtained. 

METHOD  OF  CALCULATING  PAVEMENT  STRESSES  DEVELOPED  BY 
SUBGRADE  RESISTANCE  ILLUSTRATED 

It  will  be  appareut  from  the  data  and  discussion 
which  have  been  presented  that,  in  any  consideration 
of  pavement  stresses  developed  by  this  subgrade  resist- 
ance, account  should  be  taken  of  the  extent  of  the  dis- 
placement of  each  part  of  the  slab.  A  suggested 
method  for  utilizing  the  data  for  this  purpose  is  out- 
lined in  the  following  example: 

In  figure  22 A  the  force-displacement  curve  for  the 
6-inch  slab  is  repeated  from  figure  20.  In  this  figure 
the  vertical  scale  applies  to  a  unit  area  of  one  square 
foot.  This  scale  was  chosen  simply  as  a  matter  of  con- 
venience for  use  in  the  example.  In  figure  22B  is  a 
curve  showing  the  displacement,  resulting  from  thermal 
expansion,  of  the  various  parts  of  the  slab  with  respect 
to  its  center  point,  based  on  the  measured  thermal  coef- 
ficient of  the  concrete  and  a  temperature  change  of  100° 
F.  Inasmuch  as  the  observed  average  temperature  of 
the  test  pavement  underwent  an  annual  change  of  only 
75°  F.,  this  figure  may  be  too  high  but  it  serves  the 
purpose  of  illustration  as  well  as  a  lower  one. 

After  having  determined  the  forces  necessary  to 
move  the  unit  slab  through  various  displacements  and 
having   determined    the   displacements   to   which    the 
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Figure  22. — Relations  Between  Displacement  and  Thrust- 
ing Force,  and  Between  Displacement  and  Distance  from 
Center  of  Slab,  for  Concrete  Pavement  Slabs. 

various  unit  areas  of  the  pavement  may  be  moved  by 
thermal  expansion,  the  next  step  is  to  combine  these 
data  on  the  basis  of  equal  displacements  in  order  to 
determine  the  forces  of  resistance  effective  at  each 
point  throughout  the  length  of  the  slab.  The  proce- 
dure is  as  follows: 

Assuming  a  strip  of  pavement  1  foot  in  width  and  of 
appreciable  length,  consideration  was  given  to  succes- 
sive sections  1  foot  apart  beginning  at  the  mid-section 
of  the  strip  (the  section  at  which  no  displacement  occurs 
during  expansion  and  contraction).  From  figure  22B 
the  displacement  to  be  expected  at  each  of  the  succes- 
sive sections,  caused  by  the  assumed  change  in  tem- 
perature, was  determined.  Then  for  each  displacement 
the  corresponding  thrusting  force  was  obtained  for 
each  section  from  the  data  given  in  figure  22A.  The 
values  of  force  developed  in  this  way  and  plotted  at  the 
proper  distances  from  the  center  of  the  slab  determine 
the  curve  shown  in  figure  23.  The  total  force  necessary 
to  move  a  strip  of  pavement  of  any  given  length  may  be 
determined  from  the  area  under  the  curve  in  this  figure. 
The  unit  stress  values  to  be  expected  are  shown  at 
intervals  along  the  diagram,  at  the  points  where  they 
apply. 

The  stresses  caused  by  subgrade  resistance  were  com- 
puted in  this  manner  for  the  several  slab  thicknesses 
from  the  force-displacement  curves  shown  in  figure  20 
and  the  resulting  stress  distribution  diagrams  are  given 
in  figure  24.     These  diagrams  are  applicable  only  to  the 
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Figure  23. — Variations  in  Force  Needed  to  Move  Unit 
Areas  at  Various  Points  Along  the  Pavement  Slab. 
The  Resultant  Stresses  are  Shown  at  Intervals. 


120 


40 


20 


s 

LAB    THIC 

4NESS    27 

/       /             / 

17 

/  /fa/ 

/! 

//       / 

20 


40 
SLAB   LENGTH 


60 


80 


100 


FEET 


Figure  24. — Effect  of  Slab  Length  and  Slab  Weight  on 
the  Stresses  Caused  by  Expansion  or  Contraction  Re- 
sulting from  a  Temperature  Change  of  100°  F. 

particular  subgrade  conditions  that  obtained  in  these 
tests.  It  will  be  observed  that  the  unit  stresses  devel- 
oped by  the  large  temperature  change  that  was  assumed 
for  the  example  are  small  for  all  moderate  slab  lengths 
and  also  that  the  unit  stresses  for  a  given  slab  length 
decrease  with  increase  in  slab  thickness,  in  accord- 
ance with  the  theory  of  subgrade  resistance  previously 
discussed. 

It  is  interesting  to  compare  the  unit  stresses  obtained 
in  the  above  analysis  with  those  which  would  b( 
obtained  by  assuming  that  all  of  the  subgrade  resist- 
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ance  developed  as  the  result  of  simple  sliding  friction. 
Referring  back  to  figure  20,  it  is  found  that  for  the 
6-inch  slab  the  thrust  required  to  cause  sliding  was 
about  250  percent  of  the  slab  weight.  In  other  words, 
a  coefficient  of  friction  of  2.5  might  be  assumed  to 
apply.  For  a  6-inch  slab  50  feet  in  length  the  appli- 
cation of  this  flat  coefficient  indicates  a  maximum  unit 
stress  of  62.5  pounds.  This  compares  with  a  unit  stress 
of  56  pounds  by  the  more  exact  method.  The  differ- 
ence is  small  but  it  should  be  remembered  that  this 
difference  is  caused  by  the  elastic  action  of  the  soil 
and  will,  therefore,  vary  with  the  type  and  condition 
of  the  subgrade. 

It  seems  probable  that  the  stresses  determined  by 
the  two  methods  would  agree  best  for  granular  soils, 
and  that  for  tenacious  clays  the  values  obtained  by 
the  assumption  of  a  flat  coefficient  might  be  consider- 
ably in  error.  For  slabs  of  average  length,  however, 
the  stresses  developed  by  this  type  of  subgrade  resist- 
ance are  so  small  that,  for  average  subgrade  conditions, 
stresses  computed  by  the  simpler  method  are  probably 
sufficiently  accurate.  In  the  tests  at  Arlington  it  was 
found  that  there  was  a  tendency  for  the  resistance  to 
horizontal  slab  displacement  to  increase  as  the  moisture 
content  of  the  subgrade  increased.  Since  the  coefficient 
values  given  in  the  preceding  tabulation  were  based 
upon  data  obtained  at  a  time  when  the  moisture  content 
of  the  soil  was  high,  it  is  probable  that  the  values  given 
approximate  a  maximum  for  the  subgrade  in  question. 

During  the  period  of  the  observations  there  was  no 
extended  period  during  which  the  soil  beneath  the 
concrete  was  frozen,  and  it  was  not  possible  to  make 
a  study  of  the  effect  of  a  frozen  subgrade  upon  the 
stresses  being  discussed.  Temperature  measurements 
in  the  concrete  and  subgrade  and  measurements  of 
length  changes  during  periods  of  cold  weather  showed 
that  the  changes  in  average  concrete  temperature  at 
these  times  were  relatively  small.  The  daily  air  tem- 
perature range  is  much  smaller  in  winter  than  in 
summer  because  of  the  decreased  intensity  of  the 
sunlight.  It  seems  quite  possible,  therefore,  that  even 
if  the  subgrade  is  frozen  to  the  slab,  the  thermal  changes 
in  the  pavement  during  such  periods  will  be  so  small 
that  the  stresses  in  the  pavement  will  not  be  increased 
to  any  important  degree  by  the  frozen  subgrade. 

TEMPERATURE  WARPING  DISCUSSED 

Some  difficult}^  was  experienced  in  determining  the 
shape  of  a  warped  slab,  as  approximately  1}{  hours  were 
required  to  make  a  complete  set  of  clinometer  measure- 
ments, and  the  temperature  conditions  that  produced 
the  warping  rarely  held  constant  for  this  length  of  time. 
This  was  especially  true  in  the  early  morning  when  the 
maximum  upward  movement  at  the  edges  occurred. 
The  data  of  most  value  are  those  made  on  days  when, 
during  the  period  of  the  actual  measurement,  the  least 
change  in  temperature  differential  occurred.  The  occa- 
sions were  rare  when  practically  constant  temperature 
conditions  prevailed  during  the  periods  of  measurement 
of  both  the  flat  and  warped  slab.  Some  measurements 
were  obtained  under  these  conditions,  however,  and  it 
is  believed  that  these  data  show  very  well  the  shape  of 
the  warped  surface  and  the  relative  movements  of  its 
various  parts. 

Figures  25  and  26  show  data  obtained  on  one  panel  of 
each  of  the  6-  and  9-inch  uniform-thickness  sections, 
respectively,  and  figure  27  shows  similar  data  from  one 
panel  of  the  9-7-9  thickened-edge  section. 


Figure  25. — Deflections  Caused  by  Temperature  Warping 
of  a  IO-by-20-Foot  Panel  of  a  6-Inch  Uniform-Thickness 
Pavement  from  a  22°  F.  Temperature  Differential.  On 
April  20,  1931:  Slab  Flat  at  8:30  p.  m.;  Edges  Warped 
Down  at   1:30  p.   m. 


DEFLECTION    SCALE 


Figure  26. — Deflections  Caused  by  Temperature  Warping 
of  a  10-  by  20-foot  Panel  of  a  9-inch  Uniform-Thi:  kxess 
Pavement  from  a  23°  F.  Temperature  Differential.  On 
April  8,  1931;  Slab  Flat  at  10:30  p.  m.;  Edges  Warped 
Down  at  2:30  p.   m. 


DEFLECTION    SC 


Figure  27. — Deflections  Caused  by  Temperature  Warping 
of  a  10-  by  20-foot  Panel  of  a  9-7-9  Pavement  from  a 
20°  F.  Temperature  Differential.  On  April  9,  1931; 
Slab  Flat  at  9:30  p.  m.;  Edges  Warped  Down  at  2  p.  Jm. 

The  restraining  influence  of  the  attachment  to  other 
panels  at  the  longitudinal  and  transverse  joints  is  evi- 
dent in  all  of  these  diagrams.  In  the  9-inch  uniform- 
thickness  section  the  longitudinal  joint  is  of  the  weak- 
ened-plane  type.     At  the  time  of  the  warping  measure- 
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ments  this  plane  had.  not  cracked,  with  the  result  that 
the  section  acted  almost  as  a  full  20-foot-width  slab. 
The  formed  groove  in  the  upper  surface  of  the  pavement 
undoubtedly  had  some  effect  on  the  shape  of  the  warped 
cross  section  even  though  the  concrete  below  it  had  not 
cracked. 

It  will  be  noted  that  there  are  slight  discrepancies  in 
the  deflections  recorded  at  the  common  corner  points 
when  the  measurements  were  made  along  the  different 
edges  of  the  panel.  These  are  caused  by  the  slight 
changes  in  the  temperature  differential  during  the  period 
of  the  measurements. 

All  of  the  observations  were  made  during  the  month 
of  April  when  there  is  probably  as  much  warping  as 
at  any  time  during  the  year,  and  the  data  shown  are 
for  the  condition  of  downward  movement  of  the  edges. 
The  data  for  the  different  sections  are  not  directly  com- 
parable because  there  were  some  small  differences  in 
the  differential  at  the  time  the  various  measurements 
were  made,  as  noted  on  the  diagrams. 

These  diagrams  convey  a  very  clear  picture  of  the 
movements  that  occur  daily  in  all  concrete  pavement 
slabs.  In  the  transverse  direction  the  panels  appear 
to  warp  quite  freely  (except  in  the  case  of  the  unbroken 
longitudinal  joint  mentioned  above).  In  the  longitud- 
inal direction  the  tendency  for  the  weight  of  the  slab 
to  force  the  central  area  to  lie  flat  is  evident,  being  most 
noticeable  if  a  comparison  is  made  of  the  central  portion 
of  the  longitudinal  axes  in  the  diagrams  for  the  6-  and 
9-inch  sections  shown  in  figures  25  and  26,  respectively. 
This  is  as  would  be  expected  since  the  curvature  should 
be  some  function  of  the  ratio  of  length  to  thickness. 
The  effect  of  this  restraint  on  the  stresses  caused  by 
warping  will  be  apparent  in  data  that  are  presented 
later. 
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Figure  28. — Deflections  Caused  by  Temperature  Warping 
of  a  10-  by  20-foot  Panel  of  a  9-6.3-9  Pavement  from  a 
5°  F.  Temperature  Differential.  (American  Associa- 
tion of  State  Highway  Officials  Cross  Section).  On 
May  27-28,    1931;   Slab    Flat   at  8   p.    m.;   Edges   Warped 

UP    AT    5    A.    M. 

Figure  28  shows  data  obtained  from  a  thickened- 
edge  section  of  a  different  type  at  a  time  when  the 
upper  surface  was  at  a  lower  temperature  than  the 
lower  surface,  with  a  consequent  upward  movement 
of  the  edges.  As  would  be  expected  from  the  data  on 
temperature  differentials  previously  presented,  the 
magnitude  of  the  warping  in  this  direction  is  always 
much  less,  since  the  temperature  differential  is  less 
than  that  which  occurs  when  the  temperature  condi- 
tions are  reversed.  The  relation  between  the  magni- 
tude of  the  temperature  differentials  and  that  of  the 
edge  movements  in  the  two  directions  is  not  a  direct 
one. 

In  figures  25,  26,  and  27  the  downward  edge  move- 
ment shown  was  caused  by  differentials  of  about  20° 
F.  The  upward  movement  shown  in  figure  28,  which 
is  about  half  of  that  shown  in  the  preceding  three  figures. 


Figure  29.- 


-Measuring  the  Pressure  Between  the  Pave- 
ment Slab  and  the  Subgrade. 


is  the  result  of  a  temperature  differential  of  only  5°  F. 
If  the  warping  diagrams  are  examined  it  will  be  ob- 
served that  the  interior  of  the  panel  was  actually  raised 
above  the  flat  position  as  the  edges  warped  downward 
but  that  there  is  little  or  no  depression  of  the  central 
area  as  the  edges  are  warped  upward.  It  seems  quite 
probable  that  the  redistribution  of  subgrade  reactions 
which  must  attend  these  changes  in  shape  woidd  ac- 
count for  the  difference  in  the  freedom  of  warping  in 
the  two  directions  that  has  been  noted. 

RELATIONS  BETWEEN  TEMPERATURE    WARPING    AND    SUBGRADE 
PRESSURE  DETERMINED 

Some  data  on  the  variation  in  intensity  of  subgrade 
pressure  resulting  from  temperature  warping  were 
obtained  with  the  pressure  cells  before  the  installation 
ceased  functioning.  The  pressures  were  measured 
at  several  points  across  the  transverse  axis  of  one  panel 
of  the  9-inch  uniform-thickness  section  (see  fig.  29). 
The  weakened-plane  longitudinal  joint  in  this  section 
had  not  broken  at  the  time  and  the  slab  was  acting 
practically  as  one  of  a  full  20-foot  width. 

Figure  30  shows  the  measured  unit  pressures  at) 
five  different  times  during  the  day.  The  relation 
between  the  warping  of  the  slab  and  the  distribution 
of  reactions  is  readily  apparent.  In  the  morning 
with  the  edges  of  the  slab  warped  upward,  the  greatest 
pressure  measured  wras  in  the  interior,  the  pressure 
toward  the  edge  being  at  its  minimum  at  this  time. 
During  the  day,  as  the  upper  surface  of  the  slab  expands 
there  is  a  complete  relief  of  the  high  pressure  in  the  in- 
terior region  and  a  development  of  a  maximum  reactior 
near  the  edge,  exceeding  the  maximum  previous!} 
developed  in  the  interior  by  at  least  50  percent. 

Both  the  warping  data  and  the  subgrade  pressun 
data  suggest  the  possibility  of  an  actual  lifting  of  th< 
central  area  from  the  subgrade  as  the  edges  warp  down 
ward.  While  it  is  possible  that  this  may  actually 
occur,  it  seems  more  probable  that  the  vertical  move 
ments  measured  were  all  within  the  range  of  elasti 
deformation    of    this  J  particular    subgrade    soil.     Sub 
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Figure  30. — Effect  of  Wahping  upon  the  Pressure  of  the 
Slab  Against  the  Subgrade  for  a  9-inch  Slab. 

rade  bearing  tests  indicate  that  the  changes  of  unit 
jpressure  shown  by  the  pressure  cells  might  be  expected 
jto  cause  soil  deformations  approximating  in  magni- 
tude the  vertical  movements  of  the  interior  ot  the 
slab  during  the  daily  cycle  of  warping. 

The  daily  variations  in  shape  of  the  transverse 
sections  of  a  pavement  slab  are  well  illustrated  by  the 
data  in  figure  31.  These  data  furnish  additional  evi- 
dence on  the  relative  magnitude  of  the  upward  and 
downward  temperature  warping  and  show  that  the 
maximum  warping  occurs  during  the  warmest  part  of 
|he  day.  Measurements  taken  at  many  different 
:  imes  throughout  the  year  show  this  to  be  true  for  all 
aormal  days  irrespective  of  the  season.  This  is  as 
vould  be  expected  in  view  of  the  temperature  data 
pat  have  been  obtained. 

The  daily  movements  of  certain  points  at  the  edges 

J)f  some  of   the   sections    measured    with    micrometer 

lials  are  presented  in  figures  32  and  33.     The  object  of 

he  measurements  shown  in  figure  32  was  to  compare 

he  movements  of  sections  having  different  thicknesses 

md  cross  sections  under  exactly  the  same  conditions 

f  air  temperature  variation.     The  vertical  movement 

f  the  corner  of  a  9-inch  uniform-thickness  section  is 

50  percent  of  that  of  one  6  inches  thick.     In  other 
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Figure  31. — Warping  of  Transverse   Elements  of  6-inch 
Uniform-Thickness  Section.     May  27-28,  1931. 
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Figure  32. — Warping  of  Corners  of  Three  Test  Sections, 
May  27-28,   1931. 
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o-corner  warped  down slab  flat  x-corner  warped  up. 

Figure  34. — Effect  of  Temperature  Warping  on  the  Cor- 
ner Deflections  Caused  by  an  Applied  Load  (Deflec- 
tions Measured  Along  the  Diagonal). 

words,  direct  proportionality  apparently  exists  between 
the  thickness  of  the  section  and  the  magnitude  of  the 
corner  movement. 

Another  important  indication  is  that  the  9-inch 
edge  of  a  typical  thickened-edge  section  does  not 
cause  warping  movements  as  great  as  would  be  found 
in  a  section  that  was  uniformly  9  inches  thick.  In 
figure  33  the  vertical  movements  of  the  free  corner 
and  the  mid-point  of  the  free  edge  are  compared. 
The  maximum  temperature  differentials  observed 
during  this  series  of  observations  are  noted  in  the 
figure  and  it  is  of  interest  to  compare  these  with  the 
vertical  movements  that  they  produce  at  the  two 
points  at  which  the  measurements  were  made.  The 
temperature  differential  that  caused  the  upward  move- 
ment of  the  edges  and  corners  is  approximately  30 
percent  of  that  which  caused  downward  movement, 
yet  at  the  corner  the  upward  movement  is  70  percent 
and  at  the  mid-point  of  the  free  edge  46  percent  of  the 
downward  movement.  These  relations  are  in  general 
accord  with  the  data  previously  presented  in  connection 
with  the  discussion  of  the  warping  data  for  the  entire 
slab  panel. 

EFFECT  OF  APPLIED  LOADS  ON   WARPED  PAVEMENTS 
INVESTIGATED 

It  is  logical  that  any  redistribution  of  subgrade 
reactions,  such  as  those  occurring  when  a  pavement 
warps,  must  result  in  a  change  in  the  deflections  ;m<i 
the  stresses  that  will  be  produced  by  a  given  applied 
load.  As  mentioned  earlier  in  the  discussion  of  the 
investigation,  a  study  was  made  of  the  effect  of  slab 
shape  on  the  deflections  and  stresses  caused  by  applied 
loads.  Figure  34  shows  the  elastic  curves  of  the 
diagonal  at  the  slab  corner  under  the  applied  loads 
noted,  for  three  conditions  of  warping  as  they  occurred 
during  a  single  24-hour  period.  It  is  apparent  from 
these  curves  that  the  7-inch  slab  is  affected  to  a  greater 
degree  than  the  9-inch  slab.  Downward  warping  of 
the  corner  reduced  the  deflection  resulting  from  load 
by  about  50  percent  for  the  7-inch  section  and  only  25 
percent  for  the  9-inch  section.  It  is  believed  that 
this  difference  is  due  to  the  fact  that  the  thinner  the  slab 
the  more  dependent  it  is  on  the  conditions  of  local 
subgrade  support. 

The  data  indicate  that  upward  warping  has  but 
little  effect  on  the  extent  of  the  corner  deflection  pro- 
duced by  a  given  load.  In  the  case  of  the  9-inch  slab 
there  is  no  increase,  while  for  the  7-inch  section  a  slight 
increase  is  noted.  This  condition  could  be  caused  by 
the  lack  of  complete  contact  with  the  subgrade  with 
the  slab  in  the  flat  position,  a  condition  which  might 
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Figure    35. — Effect    of    Temperature    Warping    on    te 
Magnitude  of  the  Stress  Caused  by  an  Applied  Load. 

easily  obtain  at  the  corner  of  a  pavement  slab.     Con 
plete    contact   would    then    be   developed    only    by 
downward  deflection  of  the  corner. 

Some  idea  of  the  effect  of  the  condition  of  warping  o 
the  magnitude  of  the  stress  that  a  given  load  will  cau; 
may  be  had  from  figure  35.  This  chart  shows  the  varii 
tions  in  the  critical  stresses  at  the  corner  and  edge  < 
two  of  the  sections,  referred  to  the  stress  produced  b 
the  given  load  on  the  unwarped  slabs  as  a  base.  Thes 
data  were  obtained  at  the  same  time  and  under  tl 
same  conditions  as  the  deflection  data  given  in  tl 
preceding  figure. 

There  is  a  reduction  of  approximately  20  percent  i 
the  critical  stress  for  the  corner  loading  when  the  corn< 
is  warped  downward.  Since  the  maximum  workir 
stress  was  about  300  pounds  per  square  inch,  th 
reduction  amounted  to  approximately  60  pounds  pi 
square  inch.  There  is  also  a  slight  increase  in  tl 
critical  stress  if  the  load  is  applied  at  a  time  when  tl 
corner  is  warped  upward. 

For  loads  applied  at  the  edges,  it  appears  that  dowi 
ward  warping  results  in  but  a  slight  reduction  in  tl 
stress  produced  by  a  load  while  upward  warping  wi 
cause  increases  that  may  amount  to  as  much  as  2 
percent. 

Reference  to  the  figures  which  show  the  shape  of  tl 
warped  panel  suggests  a  reason  for  the  effects  that  haA 
just  been  noted.  When  the  temperature  conditioi 
are  such  that  the  edges  of  the  pavement  warp  dowi 
ward,  the  longitudinal  curvature  of  the  panel  is  sue 
that  the  mid-point  of  the  edge  tends  to  move  upwai 
at  the  same  time  that  the  transverse  curvature 
forcing  it  downward.  The  result  is  that  this  point  is  n( 
displaced  downward  to  nearly  the  same  degree  as  : 
the  comer  of  the  slab.  So  far  as  subgrade  support 
concerned  the  situation  is  probably  but  little  bett< 
than  it  is  for  the  flat  slab  condition. 

Similar  tests  were  made  at  the  interior  of  both  tl 
7-inch  and  9-inch  slabs  and  it  was  found  that  at  th 
point  the  condition  of  slab  warping  has  a  negligib. 
effect  upon  the  magnitude  of  the  critical  stress  produce 
by  a  given  applied  load. 

These  tests  have  shown  quite  definitely  that  eve 
extreme  conditions  of  temperature  warping  produ( 
variations  in  the  critical  stresses  caused  by  applie 
loads  that  are  considerably  smaller  than  has  bee 
generally  supposed. 

MOISTURE  WARPING  DISCUSSED 

As  stated  earlier,  clinometer  measurements  c 
certain  critical  regions  of  the  9-inch  constant-thickne 
slab  were  made  periodically  over  the  year  at  times  wh< 
no  temperature  differential  could  be  detected  in  tl 
concrete.     The  curves  obtained  from  these  measur 
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Figure  36.- — Variation  in  Slab  Shape  at  Various  Times 
During  the  Year  from  Causes  Other  Than  Temperature 
Changes,  9-inch  Section.  Upward  Movements  Shown 
as  Positive,  and  Downward  Movements  Shown  as  Nega- 
tive. 

ments  show  the  variation  in  shape  of  certain  parts  of 
the  pavement  slab  at  various  times  during  the  year 
from  causes  other  than  temperature  changes. 

Figure  36  shows  typical  data  obtained  from  these 
observations  of  the  9-inch  section.  While  actually  a 
considerable  number  of  sets  of  such  data  were  obtained, 
in  the  figure  only  a  few  sets  are  shown  for  the  sake  of 
clarity.  Since  no  means  was  available  for  determining 
the  moisture  gradient  of  the  slab,  it  was  not  possible  to 
predict  with  certainty  the  time  when  moisture  condi- 
tions would  be  such  as  to  cause  it  to  be  in  a  flat  condition. 
In  the  presentation  of  the  data  in  figure  36  the  slab  wTas 
assumed  to  be  flat  at  the  time  of  the  March  22  observa- 
tion on  the  basis  of  reasoning  that  follows. 

The  measurements  of  longitudinal  expansion  and 
contraction  shown  in  figure  14  indicated  that  the  ex- 
pansion from  moisture  reaches  a  maximum  during  the 
winter  months  (January  to  March).  For  the  year 
during  which  the  moisture  warping  measurements  were 
pade  (1934),  the  observed  expansion  was  a  maximum 
in  January  and  by  March  it  had  dropped  off  slightly. 
This  is  a  period  during  which  the  subgrade  moisture 
pontent  reaches  a  maximum  value  and  during  which  the 
fate  of  evaporation  is  very  low.  It  seems  logical  to 
conclude,  therefore,  that  the  moisture  content  of  the 
poncrete  would  be  both  high  and  most  nearly  constant 
jluring  these  months  and  that  the  moisture  gradient 
diat  causes  warping  would  be  a  minimum. 

If  a  comparison  is  made  between  the  curves  in  figure 
|6  showing  the  shape  of  the  longitiudinal  center  line  on 
Vlarch  22  and  on  December  18,  it  will  be  noted  that  on 
hese  dates  the  shapes  are  essentially  the  same,  although 
l|Ome  vertical  movement  of  the  slab  as  a  whole  had 
•ccurred.     This  tends  to  substantiate  a  conclusion  that 
he  slab  is  warped  but  little  by  moisture  during  the 
aidwinter  months.     However,   it   should   be   remem- 
bered that  the  data  shown  in  figure  36  are  referred  to 
he  March  observations  as  a  base  and  that  the  curves 
idicate  the  changes  in  slab  shape  that  occurred  between 
/larch  22  and  the  other  dates  listed  in  the  figure.     If 
he  slab  was  in  an  unwarped  condition  at  the  time  of  the 
ilarch  measurements,  as  was  assumed,  obviously  the 
hrves  in  this  figure  would  indicate  the  true  upward 
nd  downward  wrarping  of  the  slab, 
i  Figure  37  shows  the  effect  of  moisture  on  the  warping 
fa  free  corner  and  on  the  vertical  displacement  of  the 
id-point  of  one  of  the  10-  by  20-foot  panels,  over  a 
3riod  of  approximately  1  year.     This  graph  was  con- 
ducted from  the  same  data  and  based  upon  the  same 
easurements  as  the  previous  figure,   although  more 
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Figure  37. — Seasonal  Variation  of  Warping  Caused  by 
Moisture  Change,  10-  by  20-foot  Panel  of  9-inch  Thick- 
ness. The  Distance  Between  Curves  (Shaded  Area) 
Snows  the  Extent  of  Moisture  Warping. 

observations  were  included.  In  determining  the  warp- 
ing at  the  free  corner,  it  was  necessary  to  make  correc- 
tions for  any  vertical  displacements  of  the  slab  as  a 
whole,  as  well  as  for  any  tilting  of  the  slab  that  might 
have  occurred.  In  making  the  first  correction,  it  was 
assumed  that  the  vertical  displacement  of  the  geo- 
metrical center  of  the  panel  with  respect  to  the  bench 
mark  or  reference  point  at  the  edge  of  the  slab  repre- 
sented fairly  the  vertical  displacement  that  took  place 
over  the  slab  as  a  wThole.  The  correction  for  tilting 
was  determined  by  averaging  the  displacements  of 
three  corners  of  the  panel  to  establish  a  plane  for 
each  observation. 

Referring  to  figure  37,  it  will  be  noted  that  after  the 
middle  of  July  a  sudden  reversal  in  the  direction  of  the 
moisture  warping  occurred.  This  is  believed  to  be 
caused  by  a  marked  change  in  weather  conditions  that 
took  place  at  about  this  time.  During  August  and 
September  of  this  particular  year  the  precipitation  was 
much  above  normal  (over  17  inches  for  September 
alone)  and  there  was  an  unusually  high  percentage  of 
hazy  and  cloudy  weather.  Normally  it  would  be  ex- 
pected that  this  change  in  the  direction  of  moisture 
warping  would  occur  later,  possibly  in  late  August  or 
early  September.  In  this  connection  it  is  interesting 
to  compare  the  relation  between  moisture  warping  and 
time,  as  shown  in  this  graph,  with  that  between  mois- 
ture expansion  and  time  as  shown  in  figure  14  and  to 
note  the  close  correlation  that  exists. 

difficulty  encountered  in  determining  stresses  caused 
by  moisture  warping 

It  will  be  observed  from  the  graph  that  during  July 
the  loss  of  moisture  from  the  upper  surface  had  caused 
the  free  corner  to  be  warped  upward  approximately 
0.045  inch  with  respect  to  the  mid-point  of  the  panel. 
From   this,   an   estimate   of   the   stress   developed   by 
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moisture  warping  might  be  attempted,  but  this  is  not 
warranted  for  the  following  reasons: 

1.  The  true  shape  of  the  warped  slab  was  not 

determined. 

2.  Plastic  flow  undoubtedly  enters  as  a  factor  and 

its  importance  is  unknown. 

3.  Settlement  of  the  slab  into  the  subgrade  alters 

the  degree  of  restraint  that  exists. 

The  curve  showing  the  movement  of  the  center  of 
the  panel  indicates  that,  as  the  seasonal  warping  takes 
place,  the  slab  settles  into  the  subgrade.  This  seems 
probable  when  one  considers  that  the  condition  of 
warping  from  moisture  change  develops  slowly  over  a 
long  period  of  time  and  that  the  development  is  most 
active  during  the  spring  months  when  the  soil  of  the 
subgrade  contains  a  considerable  amount  of  moisture. 
If  this  is  the  case,  it  probably  has  an  important  influence 
upon  the  amount  of  restraint  that  the  slab  encounters 
when  it  warps  from  moisture  changes.  If  there  were 
complete  settlement  of  the  slab  into  the  subgrade  so 
that  the  subgrade  conformed  completely  to  the  warped 
shape,  then  both  edges  and  interior  would  have  full 
subgrade  support  and  no  restraint  would  be  developed 
by  the  weight  of  the  slab. 

The  extent  to  which  the  subgrade  adapts  itself  to 
the  slab  as  moisture  warping  develops  is  no  doubt 
largely  dependent  upon  the  type  and  physical  con- 
dition of  the  subgrade  material,  but  it  is  reasonable  to 
believe  that,  because  of  the  time  element  and  its  effect 
on  both  subgrade  behavior  and  on  plastic  yielding  of 
the  concrete  itself,  the  restraint  and  therefore  the 
stresses  developed  by  moisture  warping  are  not  as 
great  as  the  magnitude  of  the  curvature  might  lead 
one  to  suspect. 

The  data  indicate  that  the  curvature  caused  by 
moisture  is  principally  an  upward  warping  of  the  edges 
caused  by  a  moisture  loss  from  the  upper  surface  of 
the  pavement.  The  downward  warping  of  the  edges, 
resulting  from  a  condition  in  which  the  moisture  con- 
tent in  the  upper  part  of  the  pavement  exceeds  that  in 
the  lower  part,  seems-  to  be  considerably  smaller  for 
the  conditions  of  these  tests. 

Thus  it  appears  from  the  data  that,  at  those  times 
when  high  stresses  are  developed  by  temperature  warp- 
ing, as  for  example,  an  afternoon  in  midsummer,  the 
effect  of  moisture  is  to  cause  curvature  such  that  any 
stresses  developed  by  it  will  tend  to  relieve  rather  than 
aggravate  the  stresses  caused  by  the  restraint  to 
temperature  warping. 

STRESSES  CAUSED  BY  RESTRAINED  TEMPERATURE  WARPING 
DETERMINED 

It  is  believed  that  one  of  the  most  important  results 
of  the  entire  investigation  has  been  the  development 
for  the  first  time  of  reasonably  reliable  experimental 
data  showing  the  magnitude  and  distribution  of  the 
stresses  caused  by  the  restrained  temperature  warping 
of  typical  pavement  sections.  These  data,  obtained 
by  the  methods  that  were  described  at  the  beginning 
of  this  paper,  are  presented  in  various  ways  in  the 
figures  that  follow. 

It  has  been  shown  that  imder  normal  conditions  the 
temperature  differential  that  causes  warping  is  much 
larger  during  the  day  than  during  the  night,  and  that 
usually  the  daily  maximum  occurs  in  the  early  after- 
noon. Since  it  was  desired  principally  to  determine 
the  magnitude  of  the  warping  stresses  for  the  condi- 
tion of  average  maximum  temperature  differential, 
the  greater   portion  of  the  measurements   were   made 


during  the  daytime  with  the  upper  surface  of  tl 
pavement  at  a  higher  temperature  than  the  low( 
surface.  The  warping  stresses  occurring  under  th 
condition  are  more  important  also  because  tension 
developed  in  the  bottom  of  the  slab.  A  sufficier 
number  of  night  observations  was  made,  however,  1 
give  a  clear  indication  of  the  magnitude  and  relath 
importance  of  stresses  developed  at  night. 

The  manner  in  which  the  stresses  produced  b 
restrained  temperature  warping  during  the  day  vai 
along  the  two  principal  axes  of  two  of  the  test  sectio 
panels  is  indicated  by  the  curves  in  figures  38  and  3! 
The  data  in  figure  38  apply  to  the  transverse  axe 
while  those  in  figure  39  apply  to  the  longitudinal  ax< 
of  the  two  slabs.  At  each  point  along  each  axis  tl 
stresses  in  both  the  transverse  and  longitudinal  direi 
tions  were  determined.  The  values  shown  in  the* 
figures  are  averages  of  several  sets  of  measuremen 
made  on  selected  days  during  the  summer  and  fall. 

The  data  pertaining  to  the  transverse  axis  were  a 
obtained  during  the  summer  but  some  of  those  pe: 
taining  to  the  longitudinal  axis  were  obtained  durir 
the  fall  when  the  temperature  differentials  were  n< 
as  large  as  during  the  summer.  The  values  show 
in  figure  38  probably  represent  the  largest  that  wi 
occur  with  any  frequency  in  the  locality  where  tl 
tests  were  made.  The  maximum  values  observe 
at  any  time  were  approximately  15  percent  great) 
than  the  averages  shown  in  this  figure. 

During  a  part  of  the  tests  the  slabs  used  for  tl 
temperature  measurements  were  unavoidably  shade 
so  that  complete  data  on  the  temperature  differentia 
causing  these  stresses  are  not  available.  From  tl 
temperature  data  obtained  it  is  estimated  that  tl 
average  temperature  differentials  causing  the  stress< 
shown  in  figure  38  were  approximately  18°  F.  for  tl 
6-inch  and  23°  F.  for  the  9-inch  test  sections. 

In  the  absence  of  data  on  sections  less  than  20  fe< 
in  length,  it  is  not  possible  to  predict  accurately  whs 
the  maximum  warping  stresses  on  shorter  section 
would  be.  However,  up  to  the  present  time  very  fe 
concrete  pavements  have  been  laid  in  which  the  lengt 
of  the  slab  units  was  less  than  20  feet.  For  slab  lengtl 
greater  than  20  feet,  it  is  believed  the  data  indicat 
that,  for  a  6-inch  slab  tliickness,  the  maximum  warj 
ing  stress  will  not  exceed  that  developed  in  the  20-fo( 
slab,  while  in  a  9-inch  pavement  the  maximum  warj 
ing  stress  may  be  somewhat  greater  than  that  showi 
These  conclusions  are  based  on  the  shape  of  the  long 
tudinal  axis  of  the  two  warped  slabs  as  determine 
with  the  clinometer. 

The  relative  magnitudes  of  the  stresses  from  r 
strained  temperature  warping  at  several  points  ne* 
the  corners  of  the  6-inch  and  9-inch  uniform  thickne 
sections  are  shown  by  the  stress  diagrams  in  figure  4 
The  stresses  were  determined  along  the  lines  A — 1 
A — C,  and  A — D  of  figure  6.  Along  the  free  edges 
the  slab  the  stress  in  the  direction  perpendicular  to  tl1 
edge  is  in  all  cases  negligible  and,  for  this  reason,  on ' 
stresses  in  the  direction  parallel  to  the  edge  are  shov  i 
for  the  lines  A — B  and  A — D  (fig.  6).  Along  the  dia : 
onal  at  the  free  corner  (line  A — C,  fig.  6),  measural  < 
stresses  are  found  in  both  directions  and  the  stress  s 
perpendicular  to  and  parallel  to  the  diagonal  are  sho\  i 
in  figure  40. 

It  is  interesting  to  note  that  the  variation  in  t 
magnitude  of  the  stresses  measured  perpendicular  > 
the  diagonal  is  similar  to  that  of  the  stresses  in  1 1 
direction  parallel  to  the  diagonal.     There  seems  to  » 
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Figure  38. — Measured  Warping  Stresses  Caused  by  Re- 
strained Temperature  Warping  Along  the  Transverse 
Axis  of  Two  Test  Section  Panels. 
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Figure  39. — Measured  Warping  Stresses  Caused  by  Re- 
strained Temperature  Warping  Along  the  Longitudinal 
Axis  of  Two  Test  Section  Panels. 

a  consistent  lack  of  uniformity  in  the  variation  in  stress 
along  the  diagonal  that  might  reasonably  oe  attributed 
to  a  buckling  action  across  the  corner  as  this  portion  of 
the  slab  attempts  to  respond  to  two  conflicting  sets  of 
forces. 

The  maximum  stress  along  the  free  edge  as  shown  in 
igure  40  is  smaller  than  that  shown  in  figure  38.  This 
s  because  the  stresses  at  the  corner  were  determined 
or  somewhat  smaller  temperature  differentials. 

Figure  41  shows  stresses  caused  by  restrained 
temperature  warping  at  the  corner  and  along  the 
longitudinal  axis  of  the  6-inch  constant-thickness  sec- 
lion  under  normal  night  conditions,  i.  e.,  with  the  upper 
lurface  at  a  lower  temperature  than  the  lower  surface. 
The  stress  values  shown  are  the  averages  of  several  sets 
if  observations  made  on  nights  when,  for  night  condi- 
tions, relatively  large  temperature  differentials  devel- 
oped. The  observations  were  made  on  3  of  the  4  panels 
If  the  test  section. 

j  It  will  be  observed  that  the  stresses  vary  in  much 
pe  same  manner  as  was  found  in  the  daytime  measure- 
ments, although  their  magnitude   is   but   about   one- 
burth  as  great.     This  is  as  would  be  expected  as  the 
bserved   temperature   differentials    were   in    approxi- 
lately  the  same  ratio.     Under  night  conditions,  the 
jesses   developed   are   tensile   stresses   in    the    upper 
irface  and  compressive  stresses  in  the  lower  surface  of 
e  pavement.     They  are,  therefore,  opposite  in  sense 
the  stresses  caused  by  applied  loads  except  for  the 
ise  of  a  load  applied  on  the  corner  of  the  slab. 

STRESSES  GREATEST  IN  LONGITUDINAL  DIRECTION 

|  In  order  to  present  a  general  picture  of  the  critical 
ijress  conditions  that  result  from  restrained  temperature 
arping,  the  stress  diagrams  shown  in  figures  42  to  45, 
illusive,  were  prepared,  utilizing  the  average  meas- 
ifed  stress  curves  to  determine  the  shape  of  the  varia- 
tm  curves  and  adjusting  the  stress  magnitudes  to  a 
(jmmon  value  at  the  interior  points  of  the  slab. 
Ijgures  42  and  43  show  the  stresses  parallel  to  the 
lngitudinal  axes  of  the  slabs  except  at  the  diagonal 


0: 

100 

O  200 

z 

UJ 

cr  300 
< 

o 

">   0 
cr 

UJ 

°"  100 


D  200 

o 


i/j.4  ° 

/■ 

A  <i 

|^o*fc-INCH    SECTION    «"o4 

,,          .       S'lNCH     StCI  ION 

^ 

v 

A 

x' 

X 

1            1 

-,—4--x 

2  FT 

- 

STRESS  ALONG  FREE  EDGE 


1       °" 

2  FT)- 

o   o__  _,-0' 


STRESS    ALONG    FREE   END 


'        0 
I 

:  ioo 
> 

200 
300 


J* 

,a 

/\ 

\          ' 

D 

?" 

2  FT 

- 

A-STRESS     PARALLEL     TO   DIAGONAL 
D-STRESS    PERPENDICULAR    TO   DIAGONAL 

Figure  40. — Measured   Warping   Stresses  Caused   by   Re- 
strained Temperature  Warping  Near  the  Slab  Corners. 

at  the  free  corner  where  the  stresses  are  parallel  to  the 
diagonal.  Figures  44  and  45  are  similar  diagrams  for 
the  stresses  perpendicular  to  the  longitudinal  axes  or 
perpendicular  to  the  diagonal. 

It  was  found  by  numerous  measurements  that 
stresses  of  the  magnitudes  indicated  in  these  4  diagrams 
may  be  expected  to  occur  frequently  in  the  daytime 
during  the  spring  and  summer  months  in  the  locality  of 
Washington,  D.  C.  As  previously  stated,  stresses 
somewhat  exceeding  these  were  found  occasionally  on 
days  of  extreme  temperature  changes. 
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Figure  41. — Average  Maximum  Tensile  Stresses  Observed 
in  the  Upper  Surface  of  the  6-inch  Section  Caused  by 
Restrained  Temperature  Warping  at  Night. 

theoretical  and  measured  stresses  compared 

Reference  has  been  made  to  the  analysis,  by  H.  M. 
Westergaard,  of  the  stresses  caused  by  restrained  tem- 
perature warping  from  the  standpoint  of  theoretical 
mechanics.  Figure  46  shows  theoretical  warping 
stresses  computed  for  the  transverse  section  of  a  slab 
of  infinite  length  but  finite  width  and  utilizing  elastic 
constants  known  to  apply  to  the  materials  hi  the 
Arlington  tests.  The  temperature  differentials  of  18° 
F.  and  25°  F.  for  the  6-inch  and  9-inch  slabs,  respec- 
tively, are  reasonable  in  the  light  of  the  temperature 
data  obtained  in  this  investigation.  Both  values  are 
considerably  higher  than  that  assumed  by  Dr.  Wester- 
gaard in  the  examples  given  in  his  analysis. 

Since  the  Westergaard  analysis  is  based  upon  the 
assumption  of  a  slab  of  infinite  length,  it  is  perhaps 
not  permissible  to  make  direct  comparisons  between 
the  theoretical  stresses  and  those  determined  experi- 
mentally. However,  since  the  length  of  the  experi- 
mental slabs  is  twice  the  width,  it  is  believed  that  the 
sections,  particularly  the  thinner  ones,  will  behave  in  a 
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Figure  42. — Variations  in  Compressive  Stress  in  the  Upper 
Surface  of  10-  by  20-foot  Panel  of  a  6-inch  Pavement. 
Stresses  Measured  in  a  Longitudinal  Direction  or  Par- 
allel to  Diagonal.  Stresses  are  Caused  by  Restrained 
Temperature  Warping. 
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Figure  43. — Variations  in  Compressive  Stress  in  the  Upper 
Surface  of  10-  by  20-foot  Panel  of  a  9-inch  Pavement. 
Stresses  Measured  in  a  Longitudinal  Direction  or  Par- 
allel to  Diagonal.  Stresses  are  Caused  by  Restrained 
Temperature  Warping. 
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Figure  44. — Variations  in  Compressive  Stress  in  the  Upper 
Surface  of  10-  by  20-foot  Panel  of  a  6-inch  Pavement. 
Stresses  Measured  in  a  Transverse  Direction  or  Per- 
pendicular to  Diagonal.  Stresses  are  Caused  by  Re- 
strained Temperature  Warping. 

manner  approximating  that  of  longer  slabs,  and  that 
the  stresses  in  a  transverse  section  near  the  center  are 
sufficiently  like  those  in  the  longer  slab  to  make  a 
comparison  with  the  theoiy  of  value. 

If  the  curves  in  figure  46  are  compared  with  the 
experimental  curves  shown  in  figure  38,  it  will  be  noted 
that  the  shapes  of  the  theoretical  and  measured  stress 
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Figure  45. — Variations  in  Compressive  Stress  in  the  Uppe 
Surface  of  10-  by  20-foot  Panel  of  a  9-inch  Pavemen' 
Stresses  Measured  in  a  Transverse  Direction  or  Pei 
pendicular  to  Diagonal.  Stresses  are  Caused  by  Ri 
strained  Temperature  Warping. 
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Figure  46. — Theoretical  Stresses  Caused  by  Restraine 
Temperature  Warping  at  a  Transverse  Axis  of  a  Sla 
of  Infinite  Length. 

curves  are  very  similar,  and  also  that  the  magnitud 
of  the  theoretical  stresses  are  of  the  same  order  as  th 
values  found  by  measurement.  In  this  connection  i 
should  be  pointed  out  again  that  the  average  tempera 
ture  differentials  were  estimated  and  may  not  be  exact 
From  this  comparison  it  seems  reasonable  to  conclud 
that  warping  stresses  proper'y  calculated  with  th 
theoretical  formulas  will  give  a  fair  estimate  of  th 
critical  warping  stresses  in  pavement  slabs  20  feet  o 
more  in  length. 

There  is  one  noticeable  difference,  however,  betwee 
the  theoretical  and  measured  stress  relations.  Th 
measured  stresses  have  practically  the  same  magnitude 
for  both  the  6-inch  and  9-inch  slabs  in  spite  of  the  5 
F.  difference  in  the  temperature  differentials.  Th 
stresses  computed  by  the  theory,  on  the  other  hanc 
reflect  this  difference  in  higher  stresses  for  the  9-inc 
thickness.  It  is  reasonable  that  the  greater  temper* 
ture  differential  in  the  thicker  slab  should  produc 
higher  stresses.  Had  the  length  of  the  9-inch  tes 
section  been  greater  than  20  feet,  it  is  believed  that  th  i 
measured  stresses  would  have  been  higher  and  thi  ■ 
more  in  accord  with  the  theory. 

It  has  been  shown  previously  that,  when  warped,  tl  l 
6-inch  section  tends  to  remain  flat  along  the  centr.  1 
portion  of  the  longitudinal  axis,  while  the  9-inch  se1  - 
tion  showed  continued  curvature  in  this  region.  If  tl.3 
9-inch  slab  had  been  longer  it  too  would  have  be(  i 
flattened  in  the  mid-portion  of  its  long  axis  and  th  i 
undoubtedly  would  have  increased  somewhat  the  vali  e 
of  the  measured  stresses. 
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MERITS  OF  THICKENED-EDGE  DESIGN  INVESTIGATED 

Data  presented  earlier  in  this  paper  show  that  when 
the  edge  thickness  of  a  paving  slab  is  increased,  for 
the  purpose  of  increasing  the  load-carrying  capacity, 
there  is  certain  to  be  a  corresponding  increase  in  the 
temperature  differential  that  develops  in  this  portion 
of  the  pavement.  For  example,  it  was  shown  that  the 
temperature  differentials  observed  at  the  edge  of  a 
9-6-9  section  were  about  45  percent  greater  than  those 
observed  in  the  edge  of  a  6-inch  constant-thickness 
section  and  approximately  the  same  as  those  in  the 
edge  of  a  9-inch  constant-thickness  section.  Since  an 
increase  in  the  temperature  differential  at  any  part  of  a 
slab  that  is  restrained  from  warping  causes  a  corre- 
sponding increase  in  the  warping  stresses  at  that  point, 
the  effect  just  mentioned  is  an  important  consideration 
in  the  design  of  concrete  pavements. 

The  effect  of  increasing  the  thickness  of  the  edges  of  a 
pavement  slab  on  the  magnitude  of  the  critical  warping 
stresses  can  be  illustrated  by  considering  two  long  and 
relatively  narrow  pavement  slabs  both  of  the  same 
interior  thickness.  One  is  of  constant  thickness  while 
the  other  is  of  a  conventional  thickened-edge  cross 
section  with  an  edge  depth  50  percent  greater  than  the 
interior  depth.  The  temperature  differentials  and 
therefore  the  warping  stresses  that  develop  in  the  in- 
terior of  the  two  slabs  will  be  approximately  the  same 
since  the  slabs  have  the  same  thickness  in  this  region 
and  are  both  sufficiently  long  to  develop  complete 
restraint.  At  the  free  edges,  however,  the  differential 
in  temperature  for  the  thickened-edge  cross  section  will 
be,  according  to  the  data  obtained  in  this  investigation, 
some  45  percent  greater  than  in  the  slab  of  constant 
thickness. 

The  results  of  the  increased  temperature  differential 
at  the  edge  of  the  thickened-edge  section  will  be  an 
increase  in  the  stresses  caused  by  restraint  to  warping 
[in  the  edge  region  of  the  slab.  Since  the  slabs  are 
;  relatively  narrow  in  a  transverse  direction  they  are 
i  relatively  free  to  warp  and  the  warping  stresses  will  be 
Ismail.  Thickening  the  edge  will  therefore  have  but 
little  effect  upon  the  transverse  warping  stresses.  In 
the  direction  parallel  to  the  edge  of  the  pavement,  the 
magnitude  of  the  warping  stresses  varies  with  the  degree 
of  restraint  that  obtains  at  the  particular  point  under 
consideration.  The  degree  of  restraint  varies,  in  turn, 
with  the  distance  from  the  free  end  of  the  slab  and  with 
the  slab  depth.  At  the  extreme  end  no  restraint  exists 
as  the  slab  can  warp  freely  at  this  point.  The  rate  at 
jwhich  restraint  develops  with  the  distance  from  the 
lextreme  end  will  depend  upon  the  depth  of  the  slab,  as 
will  the  distance  to  the  point  where  complete  restraint 
is  obtained. 

The  two  slabs  considered  in  the  example  were  long 
enough  to  develop  complete  restraint  and  consequently 
maximum  warping  stresses  in  their  mid-length,  and  in 
this  region  it  was  found  that  the  temperature  differen- 
tial at  the  edge  of  the  thickened-edge  section  was  abcut 
J45  percent  greater  than  in  the  edge  of  the  slab  having 
a  constant  thickness  equal  to  that  of  the  interior  of  the 
thickened-edge  section.  Since,  theoretically,  there  is 
a  direct  relation  between  the  magnitude  of  the  stress 
j-esulting  from  completely  restrained  warping  and  the 
temperature  differential  that  exists,  this  45  percent 
ncrease  in  the  temperature  differential  woidd  lead  one 
o  expect  a  corresponding  increase  in  the  warping  stress. 

The  relations  between  slab  length,  slab  depth,  and 
estrint  to  tempera ture  warping  were  not  determined 


by  this  investigation.  To  study  this  problem  thor- 
oughly, a  range  of  slab  lengths  in  each  of  several 
thicknesses  would  have  to  be  constructed  and  the 
critical  warping  stresses  determined  for  each.  The 
data  obtained  would  make  it  possible  to  determine 
what  lengths  of  slab  are  sufficiently  free  to  warp  to 
make  relatively  unimportant  the  increase  in  warping 
stresses  that  results  from  the  increased  edge  thickness 
All  of  the  slabs  cast  for  this  study  of  concrete  pavement 
design  were  of  the  same  length  and  only  limited  data 
hearing  upon  the  relations  could  be  obtained.  These 
data  are  presented  later  in  this  paper. 

WARPING  STRESSES  IN  THICKENED-EDGE  AND  CONSTANT-THICK- 
NESS SECTIONS  COMPARED 

Some  measurements  were  made  to  determine  the 
warping  stresses  at  the  edge  of  a  9-6-9  test  section  in 
comparison  with  those  at  the  same  point  in  the  6-inch 
and  9-inch  constant-thickness  sections.  The  data 
obtained  are  given  in  table  4. 

Table  4. — Observed  longitudinal   warping  stresses  at   the  edge   of 
three  20-foot  ■pavement  slabs 


1  >ate,  1934 

Temperature  differen- 
tial at  edge 

Observed  longitudinal 
warpine  stresses 

Increase  in 
stress, 

9-6-9  slab 
over — 

(i-ineh 
slab 

9-inch 
slab 

9-6-9 
slab 

6-iuch 
lab 

9-incb 
slab 

9-6-9 
slab 

6-inch 
slab 

9-inch 
slab 

Apr.  18 

°  F . 
18 
14 
21 
18 
21 
20 
23 
20 

o  F 
27 
24 
31 
25 
30 
26 
33 
31 

0  F. 
27 
21 
29 
24 
30 
29 
32 
32 

Lb.  per 
sq.  in. 
220 
186 
195 
209 

252 

320 
322 
266 
229 
281 

Lb.  per 
sq.  in. 

191 
298 
306 
302 
329 
252 
213 
251 
273 

Lb.  per 
sq.  in. 
316 
218 
291 
245 
380 
380 
361 
409 
347 
282 
336 
377 

Percent 
44 
17 
49 
17 

51 

28 

8 

6 

47 

34 

Percent 

Apr.  22 

Apr.  24 .- 

May  9 -.. 

28 

May  18 

May  19 

May  20 

Mav  21 

May  22 

28 
24 
20 
24 
38 

May  24 

19 

25 

25 

32 
34 

38 

30 

30 

These  data  were  obtained  from  simultaneous  measure- 
ments at  the  mid-length  of  the  three  20-foot  test  slabs — 
the  6-inch  constant-thickness  slab  (sec.  no.  10),  the 
9-inch  constant-thickness  slab  (sec.  no.  6)  and  the 
9-6-9  thickened-edge  slab  (sec.  no.  5).  The  observa- 
tions extended  over  a  considerable  period  of  time  and 
it  is  thought  that  in  spite  of  some  inconsistencies,  the 
data  give  a  very  good  indication  of  the  relative  magni- 
tude of  the  longitudinal  warping  stresses  in  slabs  of 
these  thicknesses  and  this  length.  The  temperature 
differentials  are  typical  of  the  highest  average  values 
that  may  be  expected  to  occur  frequently  in  the  locality 
where  the  tests  were  made. 

It  will  be  noted  that  the  stresses  measured  at  the 
edge  of  the  9-6-9  slab  are  in  every  instance  higher 
than  those  measured  at  the  edge  of  either  of  the  con- 
stant-thickness slabs.  At  times  this  difference  is  as 
much  as  100  pounds  per  square  inch  for  the  6-inch  and 
80  pounds  per  square  inch  for  the  9-inch  constant-thick- 
ness slabs.  The  last  two  columns  of  table  4  show  these 
differences,  expressed  as  a  percentage  of  the  stress 
in  the  constant-thickness  slab.  There  is  a  considerable 
variation  in  these  values  for  the  comparison  with  the 
6-inch  slab,  the  reason  for  which  is  not  known. 

The  average  increase  of  warping  stress  of  the  thick- 
ened-edge section  over  the  6-inch  constant-thickness 
section  is  approximately  75  pounds  per  square  inch,  or 
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30  percent.  The  average  difference  in  corresponding 
temperature  differentials  is  47  percent.  These  data 
indicate,  therefore,  that  the  increase  in  stress  is  not  as 
great  as  might  be  expected  in  view  of  the  measured 
increase  in  temperature  differentials.  This  may  be  the 
result  of  the  thickened-edge  slab  warping  slightly  more 
at  the  point  where  the  stresses  were  determined  than 
does  the  6-inch  slab,  because  of  the  difference  in  the 
length-depth  ratio,  and  is  thus  able  partially  to  offset 
the  effect  of  the  increased  temperature  differential. 
From  these  tests  it  might  be  concluded  that  the  full 
effect  of  increased  temperature  differential  resulting 
from  the  increased  depth  of  the  slab  edge  of  this  9-6-9 
cross-section  does  not  develop  in  a  slab  length  of  20 
feet. 

It  may  seem  surprising  that  the  longitudinal  warping 
stress  in  the  thickened-edge  section  is  consistently 
greater  than  that  in  a  constant-thickness  slab  of  the 
same  edge  depth,  particularly  in  view  of  the  fact  that 
the  measured  temperature  differentials  were  approxi- 
mately the  same  in  the  two  slabs.  The  explanation  is 
believed  to  be  that  in  slabs  of  the  same  length  the  9-inch 
constant-thickness  slab  would  be  expected  to  warp  more 
freely  than  the  9-6-9  thickened-edge  design. 

The  data  resulting  from  loading  tests  that  are  to  be 
presented  in  a  subsequent  report  of  this  series  show  that 
the  50-percent  increase  in  edge  thickness  of  the  9-6-9  as 
compared  with  the  6-inch  constant-thickness  slab 
resulted  in  a  reduction  of  approximately  28  percent  in 
the  critical  stress  caused  by  load  applied  at  the  edge  of 
the  pavement.  For  example,  the  reduction  in  the 
critical  load  stress  effected  by  the  thickened  edge  for  a 
7,000-pound  load  applied  at  the  edge  position  amounted 
to  approximately  100  pounds  per  square  inch  in  these 
tests. 

Figure  39  shows  that  the  average  warping  stress  at 
the  edge  of  the  6-inch  constant-thickness  section  is 
approximately  320  pounds  per  square  inch  during  the 
summer.  It  has  just  been  shown  that  the  edge  thick- 
ening under  consideration  caused  an  increase  of  approxi- 
mately 30  percent  in  these  stresses.  The  edge  thicken- 
ing, therefore,  causes  an  increase  of  approximately  90 
pounds  per  square  inch,  which  is  practically  equal  to  the 
reduction  in  load  stress  accomplished  by  the  increased 
edge  thickness.  This  indicates  that,  on  the  basis  of  the 
combined  load  and  temperature  stresses,  at  times  when 
the  warping  stresses  are  high,  the  load-carrying  capacity 
of  the  20-foot,  9-6-9  section  is  not  increased  by  the  edge 
thickening.  For  much  shorter  slabs  this  would  not  be 
true  because  the  warping  stresses  would  be  low,  but  for 
slabs  of  greater  length  it  is  indicated  that  at  times  when 
the  warping  stresses  are  high,  the  load-carrying  capacity 
of  the  edge  of  a  pavement  slab  may  actually  be  reduced 
by  thickening  the  slab  edge. 

IMPORTANCE  OF  REDUCING   WARPING  STRESSES  DISCUSSED 

The  data  that  have  just  been  presented  clearly  indi- 
cate that  the  stresses  arising  from  restrained  tempera- 
ture warping  equal  in  importance  those  caused  by  the 
heaviest  wheel  loads.  The  stresses  from  this  cause  are 
actually  large  enough  to  cause  failure  in  concrete  of  low 
flexural  strength,  and  since  the  direction  of  the  stresses 
is  such  that  they  become  added  to  the  critical  stresses 
caused  by  wheel  loads,  there  is  little  doubt  but  that 
warping  stress  is  primarily  responsible  for  much  of  the 
cracking  in  concrete  pavements.  It  must  be  concluded 
also  that  so  long  as  the  slabs  are  of  considerable  length 
originally,  a  thickened-edge  design  will  not  reduce  the 


amount  of  transverse  cracking  that  will  occur.  This 
conclusion  is  in  agreement  with  the  observations  made 
on  this  point  in  the  extensive  pavement  survey  con- 
ducted several  years  ago  by  the  Highway  Research 
Board.13 

It  is  evident  that  either  the  magnitude  of  the  warping 
stresses  must  be  reduced  by  building  smaller  slab  units 
or  by  some  other  means  not  yet  proposed,  or  the  amount 
of  stress  resistance  available  for  supporting  wheel  loads 
will  be  greatly  curtailed. 

The  most  practical  means  at  present  available  for 
reducing  warping  stresses  is  through  the  construction  of 
shorter  slabs.  As  previously  mentioned,  some  data 
that  indicate  the  possibilities  of  reducing  warping 
stresses  through  a  decrease  in  slab  length  were  obtained 
in  this  investigation.  In  the  first  place,  a  comparison 
of  the  relative  magnitudes  of  the  stresses  created  by 
warping  at  the  center  of  the  slab  in  the  transverse  and 
longitudinal  directions  shows  that  the  stress  in  the 
direction  of  the  10-foot  dimension  is  approximately 
one-third  of  that  in  the  20-foot  dimension. 

Some  other  data  upon  this  point  were  obtained  during 
the  spring  of  1934  when  a  transverse  crack  developed 
at  the  center  of  one  quadrant  of  one  of  the  thickened- 
edge  sections  (sec.  no.  4).  This  afforded  an  opportunity 
to  measure  the  longitudinal  warping  stress  in  both  the 
10-  and  20-foot  lengths  of  the  same  slab  and  to  make  a 
comparison  of  their  magnitudes.  The  longitudinal 
stresses  were  determined  at  two  positions  in  the  mid- 
lengths  of  each  slab,  at  one  point  6  inches  from  the 
edge  and  at  one  5  feet  from  the  edge  (center  of  the  panel). 

The  measurements  were  made  on  suitable  days  during 
the  months  of  April,  May,  and  June  1934,  and  all  of  the 
data  obtained  are  presented  in  table  5. 

Table    5. — Observed    longitudinal    warping    stresses    in    10-    and 
20-foot  slab  lengths  of  sec.  no.  4 


Maxi- 
mum 
air  tem- 
pera- 
ture 

Maximum  longitudinal 
stress 

varping 

Reduction  in 
stress  from 

Date,  1934 

Interior 

Edge 

decreased  slab 
length 

2C-foot 
length 

10-foot 
length 

Lbs.  per 
sq.  in. 
132 
142 

20-foot 
length 

10-foot 
length 

Interior 

Edge 

Apr.  26         --   - 

°F. 
68 
74 
71 
83 
90 
83 
90 
94 
88 
94 
101 
96 
97 

Lbs.  per 
sq.  in. 
307 
376 

Lbs.  per 
sq.  in. 

Lbs.  per 
sq.  in. 

Percent 
57 
62 

72 

65 

71 

69 

66 

Percent 

May  1 

May  2 

121 

68 

144 

May  13 

287 

81 

278 

21 

92 

May  28 

429 

151 

354 
285 
313 
252 

46 
38 
20 
19 

87 

87 

94 

92 

June  21 

June  22 

451 

414 

132 

130 

283 

51 

82 

89 

'  Not  included  in  the  average. 

It  is  apparent  again  in  these  data  that  the  longi- 
tudinal warping  stress  in  the  10-foot  slab  length  is 
consistently  much  smaller  than  the  corresponding 
stress  in  the  20-foot  slab.  This  is  especially  true  for 
the  stresses  measured  near  the  edges  of  the  two  slabs. 
The  average  reduction  in  the  critical  warping  stress 
caused  by  the  decreased  slab  length  is  approximately 
66  percent  in  the  interior  of  the  slab  and  89  percent 
at  the  point  near  the  free  edge.     The  greater  reduction 
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noted  in  the  stresses  near  the  edge  of  the  slab  may 
be  a  natural  condition  or  it  may  be  caused  by  the  fact 
that  the  two  10-foot  sections  of  the  slab  were  restrained 
from  free  warping  to  a  certain  degree  at  the  longitudinal 
joint.  This  restraint  results  from  the  fact  that  the 
two  10-foot  lengths  of  this  section  were  attached  to 
an  uncracked  half  of  the  same  section  by  the  tongue- 
and-groove  longitudinal  joint. 

The  data  and  discussion  just  presented  indicate  the 
oecessity  for  short  slab  units  if  the  stresses  produced 
by  restrained  warping  are  to  be  kept  within  economical 
limits.  The  desirability  of  slab  lengths  of  approxi- 
mately 10  feet  is  indicated  and  this  may,  at  first  thought, 
seem  to  be  impractical  because  of  the  number  of  trans- 
verse joints  that  would  be  required.  One  problem  of 
joint  design  is  to  overcome  the  difficulty  of  providing 
satisfactorily  for  the  movements  caused  by  the  expan- 
sion and  contraction  of  abutting  slabs.  If  very  short 
slabs  were  used,  the  very  frequency  of  the  joints  would 
largely  solve  this  problem  and  thus  simplify  the  joint 
design  requirements. 

It  was  shown  earlier  that  the  critical  temperature- 
warping  stresses  in  the  corner  region  of  a  pavement 
slab  occur  during  the  daytime  when  the  sense  of  the 
warping  stress  is  opposite  to  that  of  the  critical  stress 
caused  by  load.  During  the  night  and  early  morning 
when  the  sense  of  the  two  stresses  is  the  same,  the 
magnitude  of  the  warping  stress  is  very  small.  It  is 
evident,  therefore,  that  increasing  the  thickness  of  the 
edge  of  a  pavement  slab  will  be  effective  in  reducing 
the  combined  stresses  in  the  corner  area  and  conse- 
quently will  reduce  corner  cracking.  This  conclusion 
is  likewise  in  agreement  with  the  observations  of  the 
survey  previously  referred  to. 

SOME  EFFECTS  OF  FREEZING  AND  THAWING  OF  SUBGRADE 
DETERMINED 

As  mentioned  previously,  because  of  the  compara- 
tively mild  winters  in  the  region  where  the  tests  were 
made  there  was  very  little  opportunity  to  study  the 
'effects  that  a  frozen  subgrade  might  have  on  the  pave- 
ment sections.  During  the  latter  part  of  the  winter 
bf  1933-34,  however,  severe  weather  caused  the  sub- 
grade  under  the  test  slabs  to  freeze  solidly  to  a  depth 
)f  about  2)4  inches  and  frost  crystals  were  found  at  a 
slightly  greater  depth.  The  earth  shoulders  were 
rozen  solidly  to  a  depth  of  about  7  inches  and  frost 
crystals  were  found  at  depths  of  10  or  11  inches. 

During  this  period  observations  were  made  with  the 
•linometer  to  determine  the  vertical  movements  that 
developed  in  the  various  parts  of  the  slab,  the  technic 
peing  the  same  as  that  used  in  the  measurements  of 
'varping.  Figure  47  shows  the  position  and  shape  of 
he  9-inch  constant-thickness  section  on  two  different 
ays  referred  to  its  position  during  the  preceding 
September  as  a  base.  The  first  series  of  observations 
Feb.  23)  show  the  position  of  the  slab  with  the  sub- 
rade  frozen,  while  those  made  on  March  6  show  its 
josition  just  after  the  subgrade  had  thawed, 
i  These  data  show  that,  for  the  conditions  that 
ibtained,  the  freezing  of  the  subgrade  lifted  the  entire 
anel  almost  uniformly  to  the  extent  of  about  one-half 
|ich.  It  is  interesting  to  note  that  this  lift  was  pro- 
ceed by  a  subgrade  that  was  frozen  solidly  to  a  depth 
y  2%  inches.  As  soon  as  the  subgrade  had  thawed 
mpletely  the  measurements  showed  that  the  slab 
ttled  back  about  three-fourths  of  the  distance  through 
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Figure  47. — Effect  of  Frozen  Subgrade  on  Elevation  of 
9-inch  Uniform-Thickness  Slab,  Base  Elevation  as  of 
Sept.  24,  1933. 
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Figure  48. — Daily  Variation  of  Stresses  Caused  by  a 
7,000-pound  Load  on  a  9-6-9  Thickened-Edge  Section, 
Over  a  Period  of  Freezing  and  Thawing  of  the  Subgrade. 

which  it  had  been  lifted,  and  that  during  the  next 
several  days  the  slab  was  slowly  settling.  Traffic 
on  the  pavement  wrould  probably  accelerate  this 
settling  during  the  period  of  thawing. 

Tests  were  made  to  determine  the  effect  of  the 
freezing  and  thawing  of  the  subgrade  upon  the  stresses 
caused  by  applied  loads.  The  9-6-9  thickened-edge 
section  was  selected  for  this  purpose  and  loads  were 
applied  at  a  free  corner,  at  the  interior,  and  at  a  point 
6  inches  from  a  free  edge.  The  8-inch  diameter  cir- 
cular bearing  plate  was  used  in  all  cases.  The  tests 
wrere  started  during  the  time  when  the  subgrade  was 
frozen  solidly  and  were  repeated  frequently  until  after 
the  subgrade  had  thawed  completely.  The  variations 
in  the  maximum  stress  produced  by  a  7,000-pound  load 
applied  at  each  of  the  three  positions  previously  men- 
tioned during  the  entire  period  are  shown  in  figure  48, 
together  with  the  variations  in  the  average  daily  air 
temperature. 

From  these  data  it  appears  that  the  subgrade  was  in  a 
fairly  normal  condition  after  March  10,  or  about  10 
days  after  it  first  started  to  thaw.  The  subgrade  was 
no  doubt  still  very  wet  at  this  time,  but  it  is  known 
that  this  particular  soil  remains  very  wet  during  the 
winter  even  when  not  subjected  to  freezing  and  thawing. 

It  will  be  observed  that  at  all  three  of  the  points 
tested  the  stresses  from  the  applied  load  were  reduced 
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during  the  period  when  the  soil  was  frozen.  The  effect 
was  much  greater  at  the  corner  than  at  the  other  points, 
probably  because  a  much  greater  deflection  is  required 
to  produce  a  given  stress  at  this  point. 

As  soon  as  thawing  started  there  was  an  immediate 
increase  in  the  stress  at  all  of  the  points.  As  the  sub- 
grade  became  completely  thawed  the  stresses  were 
slightly  above  normal  and  they  remained  at  this  general 
level  during  a  period  of  G  or  8  days. 

It  is  interesting  to  note  that  when  the  subgrade  is  in 
what  may  be  termed  its  "normal"  winter  condition,  but 
unfrozen,  the  stresses  produced  by  a  given  load  at  the 
free  corner  and  interior  of  this  section  are  of  approxi- 
mately the  same  magnitude  while  the  stress  at  the  edge 
is  but  slightly  greater. 

It  appears  from  these  data  that  the  conditions  of 
freezing  and  thawing  that  obtained  during  the  tests  had 
no  serious  effect  upon  the  magnitude  of  the  stresses 
developed  under  the  applied  load.  Had  the  subgrade 
been  frozen  to  a  greater  depth  or  had  the  subgrade 
material  not  been  uniform,  it  is  possible  that  the  effects 
of  freezing  would  have  been  more  serious. 

CONCLUSIONS 

In  this  study  of  the  effects  of  temperature  and  of 
moisture  on  concrete  pavement  slabs,  it  has  been  found 
that  in  the  locality  where  the  tests  were  made  (Wash- 
ington, D.  C): 

1.  The  average  pavement  temperature  undergoes 

an  annual  change  of  about  80°  F. 

2.  The  maximum   temperature  differentials   ob- 

served at  the  edges  of  the  test  sections  were: 

a.  For  a  6-inch  uniform-thickness  section, 

23°  F. 

b.  For  a  9-inch  uniform-thickness  section, 

33°  F. 

c.  For    a    9-6-9    thickened-edge    section, 

33°  F. 
These  maxima  occur  during  the  hot  afternoons 
of  early  summer  when  the  upper  surface  of 
the  pavement  is  heated  by  the  intense  sun- 
light and  the  lower  surface  is  kept  cool  by  a 
subgrade  that  is  still  at  a  relatively  low 
temperature. 

3.  In  the  thickened-edge  design  (sec.  no.  5)  the 

temperature  differential  in  the  interior  of  the 
slab  averaged  about  4°  F.  less  than  that  at 
the  thickened  edge  during  the  most  critical 
part  of  the  year. 

4.  There  is  a  cyclic  variation  in  slab  length  that 

is  entirely  dissociated  from  temperature 
changes.  The  annual  variation  in  the  length 
of  the  test  sections  from  causes  other  than 
temperature  changes  is  approximately  equiv- 
alent to  that  caused  by  a  temperature 
change  of  30°  F.,  and  the  maximum  length 
occurs  during  the  late  winter  when  the 
ground  moisture  content  is  greatest.  Con- 
versely, the  slab  is  shortest  during  the  late 
summer  when  the  ground  moisture  and,  so 
far  as  could  be  determined,  the  concrete 
moisture  are  a  minimum. 

5.  The   thermal   coefficient   of   expansion   of  the 

concrete  as  determined  in  the  laboratory  is 
0.0000048  per  degree  F.  This  value  agrees 
almost  exactly  with  that  determined  by 
measurement  of  actual  temperature  expan- 
sion in  the  test  sections,  indicating:   First, 


that  the  movement  of  a  pavement  slab  from 
thermal  expansion  can  be  predicted  accu- 
rately from  laboratory  determinations  of  the 
thermal  coefficient;  and  second,  that  in  slabs 
of  moderate  length  the  effect  of  subgrade 
restraint  on  slab  expansion  is  so  small  as  to 
be  negligible. 

6.  The  resistance  developed  in  the  subgrade  to 

horizontal  slab  movement  is  not  merely  a 
matter  of  sliding  friction  in  the  commonly 
accepted  sense  of  the  word.  It  appears  to 
consist  of  two  elements,  one  an  elastic  defor- 
mation of  the  soil  horizontally  that  is  present 
for  all  displacements  of  the  slab,  and  the 
other  a  frictional  resistance  that  develops 
only  after  a  certain  amount  of  elastic  defor- 
mation has  occurred.  The  first  element  ap- 
pears to  be  indepeodent  of,  while  the  second 
varies  directly  with,  the  slab  weight  or  thick- 
ness. Although  only  one  subgrade  material 
was  involved  in  these  tests,  it  seems  probable 
that  the  relative  importance  of  the  two  ele- 
ments may  vary  considerably  with  different 
types  of  soils. 

7.  In    pavement   slabs   of   moderate   length    the 

tensile  stresses  resulting  from  contraction 
will  not  be  large  for  subgrade  soils  of  the 
type  used  in  these  tests.  The  thicker  the 
pavement  the  lower  will  be  the  unit  stress 
from  this  cause,  other  conditions  being  the 
same. 

8.  The   changes  in   shape  of   a  pavement  slab 

resulting  from  restrained  temperature  warp- 
ing do  not  cause  large  changes  in  the  critical 
stresses  from  applied  loads.  In  this  in- 
vestigation, the  maximum  observed  condi- 
tion of  upward  warping  from  temperature 
was  found  to  increase  the  critical  stress 
resulting  from  load  by  about  5  percent  for  a 
comer  loading  and  about  20  percent  for 
an  edge  loading,  as  compared  with  the 
stresses  produced  by  the  given  load  with  the 
slab  in  the  flat  or  unwarped  condition. 
Maximum  downward  warping  was  found  to 
effect  a  negligible  reduction  in  the  load 
stress  at  the  edge  and  a  reduction  of  about 
20  percent  at  the  comer. 

9.  For  pavement  slabs  of  the  size  used  in  this 

investigation  or  larger,  certain  of  the 
stresses  arising  from  restrained  temperature 
warping  are  equal  in  importance  to  those 
produced  by  the  heaviest  of  legal  wheel 
loads.  The  longitudinal  tensile  stress  in  the 
bottom  of  the  pavement,  caused  by  re- 
strained temperature  warping,  frequently 
amounts  to  as  much  as  350  pounds  per 
square  inch  at  certain  periods  of  the  year 
and  the  corresponding  stress  in  the  trans- 
verse direction  is  approximately  125  pounds 
per  square  inch.  These  stresses  are  additive 
to  those  produced  by  wheel  loads. 
10.  In  long  or  even  moderately  long  pavement 
slabs,  when  conditions  are  such  as  to  pro- 
duce large  temperature  differentials,  thicken- 
ing the  edge  of  the  slab  may  actually  de- 
crease the  load-carrying  capacity  of  this 
part  of  the  pavement.  In  very  short  pave- 
ment slabs,  thickening  the  edge  of  the  slab 


November  1935 


PUBLIC    ROADS 


197 


may  be  expected  to  increase  definitely  its 
load-carrying  capacity. 

11.  Since  the  critical  stresses  resulting  from  re- 

strained warping  are  opposite  in  sense  to 
those  caused  by  applied  loads  in  the  corner 
region  of  a  pavement,  thickening  the  edge 
of  the  slab  may  be  expected  to  increase  the 
load-carrying  capacity  of  the  slab  corner. 

12.  Because  of  the  facts  stated  in  conclusions  10 

and  11,  it  is  evident  that  thickening  the 
edge  of  a  long  pavement  slab  will  not  tend 
to  reduce  transverse  cracking  but  will  tend 
to  reduce  corner  cracking. 

13.  The  annual  cyclic  variation  in  moisture  condi- 

tions within  the  concrete  produces  a  warping 
of  the  slab  surface  similar  to  that  caused  by 
temperature.     The  edges  of  the  slab  reach 


their  maximum  position  of  upward  warping 
from  this  cause  during  the  summer  and  the 
maximum  position  of  downward  warping 
during  the  winter,  the  extent  of  the  upward 
movement  apparently  exceeding  that  of  the 
downward  movement  considerably. 
14.  While  sufficient  information  is  not  available  to 
permit  an  estimate  to  be  made  of  the  magni- 
tude of  the  stresses  arising  from  restrained 
moisture  warping,  it  appears  that  at  the 
time  of  year  when  the  stresses  from  re- 
strained temperature  warping  are  a  maxi- 
mum (the  summer  months)  any  stresses 
caused  by  restrained  moisture  warping  will  be 
of  opposite  sense  and  will  thus  tend  to  reduce 
rather  than  to  increase  the  state  of  stress 
created  by  restrained  temperature  warping. 
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Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
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5  cents. 

Report  of    the  Chief  of  the   Bureau  of  Public  Roads,    1928. 
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10  cents. 
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10  cents. 
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No.  347D  .  .  Methods  for  the  Determination  of  the  Physical 
Properties  of  Road-Building  Rock.      10  cents. 
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Fulton  County,  Ga.     25  cents. 
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TECHNICAL  BULLETINS 

No.    55T  .  .  .  Highway  Bridge  Surveys.     20  cents. 

No.  265T  .  .  .  Electrical    Equipment    on    Movable    Bridges. 
5  cents. 

MISCELLANEOUS  CIRCULARS 

No.  62MC  .  .  Standards  Governing  Plans,  Specifications, 
Contract  Forms,  and  Estimates  for  Federal- 
Aid  Highway  Projects.     5  cents. 


MISCELLANEOUS  PUBLICATIONS 

No.  76MP  .  .  The  results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 

Federal   Legislation   and   Regulations   Relating 
to  Highway  Construction.     10  cents. 

Supplement  No.    1    to  Federal  Legislation  and 
Regulations  Relating  to  Highway  Construction. 

No.   191  ....  Roadside  Improvement.     10  cents. 
The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

REPRINT  FROM  PUBLIC  ROADS 

Reports  on  Subgrade  Soil  Studies.     40  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .  .  Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 
System  of  Ohio  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Vermont  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
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A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  PUBLIC  ROADS,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 
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THE  STRUCTURAL  DESIGN  OF  CONCRETE 

PAVEMENTS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests;  and  EARL  C.  SUTHERLAND.  Associate  Highway  Engineer 

PART  3.— A  STUDY  OF  CONCRETE  PAVEMENT  CROSS  SECTIONS 


THE  SHAPES  of  the 
cross  sections  used  in 
concrete  pavement  con- 
struction in  the  United 
States  have  gone  through 
an  interesting  period  of  de- 
velopment during  the  last 
15  years. 

The  earliest  concrete 
pavements  were  laid  in 
slabs  that  were  either 
thicker  in  the  center  than 
at  the  edges  or  else  were  of 
uniform  thickness  at  all 
points.  The  thick-center- 
thin-edge  design  was  prob- 
ably the  result  of  the  influ- 
ence of  the  distribution  of 
material  in  those  macadam 
pavements  with  which  en- 
gineers were  most  familiar 
at  the  time  the  early  con- 
crete pavements  wTere  laid. 

Some  of  the  first  attempts 
at  a  mathematical  analysis 
of  the  stresses  created  by 
wheel  loads  in  the  pavement 
slab  treated  the  transverse 
section  as  a  beam  supported 
at  the  ends,  and  this  type  of 
analysis  naturally  indicated 
the  need  for  a  section  which 
was  thicker  in  the  center 
than  at  the  edges.  The  un- 
certainty of  assumptions  as 
to  subgrade  support  tended 
to  make  engineers  hesitant 
about  accepting  the  sug- 
gested theories  of  design, 
with  the  result  that  a  con- 
siderable amount  of  the  concrete  pavement  laid  was 
of  a  uniform  thickness. 

Upon  the  entry  of  the  United  States  into  the  World 
War,  the  wheel  loads  on  many  of  our  main  roads 
suddenly  increased  greatly,  and  instances  of  edge  failure 
of  thin-edge  sections  began  to  be  reported.  These  edge 
failures  frequently  began  with  a  corner  break  at  a  con- 
struction joint  or  transverse  crack  and  often  developed 
into  a  completely  shattered  area  of  considerable  size. 
Many  engineers  began  to  suspect  that  the  thick-center- 
thin-edge  pavement  was  not  properly  designed. 

DEVELOPMENT    OF    THICKENED-EDGE    PAVEMENT   DESIGN 
REVIEWED 

On  November  12,  1920,  in  Maricopa  County,  Ariz., 
construction  was  begun  under  a  very  extensive  paving 

1  Pavement  With  Thickened  Edges  Takes  Heavy  Loads,  by  C.   L  Jcnken,  Engi- 
neering News-Record,  Apr.  13,  1922,  p.  607. 
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DEVELOPMENTS  in  the  design  of  cross  sections  for 
concrete  pavements  during  the  past  15  years  have 
produced  such  marked  improvements  in  the  roads 
ci instructed  that  one  is  likely  to  feel  that  a  high  degree 
of  perfection  has  been  attained.  Edge  thickening  and 
longitudinal  joints  have  been  generally  adopted  and  the 
present  slab  lengths  are  much  less  than  those  formerly 
used. 

The  most  complete  study  yet  made  of  the  stresses  in 
typical  pavement  slabs  resulting  from  both  load  and 
temperature  effects  confirms  the  belief  that  progress  has 
been  made  in  the  right  direction,  but  it  is  clear  thai  bet- 
ter designs  are  possible  with  the  more  complete  knowl- 
edge now  available. 

The  results  of  this  study  are  surprising  as  to  the 
stresses  that  will  exist  in  concrete  pavements  witli  cer- 
tain combinations  of  load,  temperature  conditions,  ami 
slab  thickness.  However,  the  conclusions  are  thought 
to  be  sufficiently  well  established  for  application  in 
current  design. 

If  loads  alone  are  considered,  the  maximum  of  econ- 
omy in  the  use  of  material  is  obtained  with  a  thickened- 
edge  cross  section. 

While  increased  edge  thickness  results  in  a  reduction 
of  the  edge  stresses  from  applied  load,  it  also  causes  an 
increase  in  the  edge  stresses  under  certain  conditions  of 
restrained  warping. 

Since  a  balanced  cross  section  should  in  all  cases  be 
designed  on  the  basis  of  combined  load  and  warping 
stresses,  it  is  obvious  that  economy  demands  that  the 
stresses  resulting  from  warping  lie  limited  to  low  values. 
The  most  practical  way  of  doing  this  is  by  constructing 
short  pavement  slabs. 

In  short  slabs  the  cross  section  may  lie  designed  on  the 
basis  of  load  alone. 

A  balanced  cross  section  for  load  stresses  is  obtained 
with  a  design  such  as  is  shown  on  the  cover  page. 

Edge  thickening  strengthens  slab  corners  regardless  of 
the  length  of  the  slab. 

At  tlie  present  time  application  of  the  principles  set- 
forth  above  to  the  design  of  pavement  slabs  involves 
considerations  other  than  those  discussed  in  this  report 
but  necessary  to  the  forming  of  a  correct  judgment  as 
to  whether  or  not  a  completely  balanced  design  should 
be  used  or  how  closely  it  should  be  approached. 


program,  including  some 
130  miles  of  concrete  pave- 
ment. The  point  of  partic- 
ular interest  is  that  the 
cross  section  adopted  for 
the  entire  project  was  3 
inches  thicker  at  the  edges 
than  at  the  center,  the  edge 
thickening  being  gradually 
reduced  to  zero  at  a  dis- 
tance of  24  inches  from  the 
edge  of  the  slab.  The  re- 
port on  this  work '  states 
that  the  cross  section  was 
"a  modified  inverted-curb 
section  designed  to  strength- 
en the  edge  and  at  the  same 
time  permit  simple  con- 
struction of  the  subgrade. 
The  thickened  edges  add 
structural  strength  as  the 
area  of  load  distribution 
and  subgrade  resistance  de- 
creases, thereby  securing  a 
paving  slab  with  a  more 
uniform  resisting  strength." 
This  is  clearly  a  recognition 
of  the  principle  of  design  of 
thickened-edge  slabs  as  we 
know  it  today. 

The  development  of  the 
thickened-edge  design  cre- 
ated widespread  interest 
among  highway  engineers 
and,  as  the  probable  worth 
of  the  new  design  began  to 
1  )c  a  ppreciated,it  was  adopt- 
ed for  trial  in  a  number  of 
places. 

The  test  road  at  Pitts- 
burg, Calif.,  built  during  the  summer  of  1921,  contained 
one  section  of  the  new  design,  and  at  the  conclusion  of 
the  test  this  section  was  given  the  highest  rating  of  all 
of  those  included  in  the  track.2 

The  sections  of  the  Bates  test  road  in  Illinois  laid  in 
1920  and  1921  contained  no  thickened-edge  designs  but, 
fortunately,  in  the  fall  of  1922  sections  of  the  new  design 
were  added  and  subjected  to  heavy  traffic  during  1923.3 
The  result  was  another  early  demonstration  of  the 
superiority  of  the  new  design  over  sections  of  uniform 
thickness  when  subjected  to  concentrations  of  heavy 
wheel  loads.  In  this  test  the  structural  weakness  of  the 
edges  of  slabs  of  uniform  thickness  was  definitely 
shown. 


2  Report  of  Highway  Research  at  Pittsburg,  Calif.,  by  Lloyd  Aldrich  and  John  B. 
Leonard.    California  State  Printing  Office,  Sacramento,  Calif.,  1928. 

3  Highway  Research  in  Illinois,  by  Clifford  older.    Transactions.  American  Society 
of  Civil  Engineers,  1924. 
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The  Bureau  of  Public  Roads  at  about  this  time 
developed  a  method  for  determining  the  stresses  in 
concrete  pavement  slabs  caused  by  wheel  loads  and, 
(luring-  1923  and  1024,  made  a  number  of  studies  of 
stress.4  The  data,  obtained  from  these  tests  indicated 
clearly  the  soundness  of  the  thickened-edge  design 
from  a  load-carrying  standpoint. 

The  fact  that  concrete  possesses  definite  elastic  prop- 
erties has  led  to  several  attempts  to  develop  some  math- 
ematical analysis  that  would  make  possible  the  predic- 
tion of  the  stresses  caused  by  load  in  a  given  pavement 
slab  design.  The  most  serious  obstacle  encountered  in 
these  efforts  was  the  difficulty  in  treating  rationally  the 
conditions  of  subgrade  support.  It  was  not  until  West- 
ergaard  presented  his  analysis  of  the  stresses  in  a  con- 
crete pavement  slab  in  1925  that  there  was  available 
an  even  approximately  tenable  theory  of  design.5  In 
this  analysis  it  is  assumed  that  the  load  is  applied  over 
a  definite  area  to  an  elastic  slab  that  rests  upon  an 
elastic  support.  By  means  of  the  formulas  presented  it 
is  possible  to  calculate  the  critical  stresses  resulting 
from  a  given  load  applied  at  the  corner,  at  the  free  edge, 
or  in  the  interior  of  the  slab. 

The  analysis  indicated  that  for  the  assumed  condi- 
tions a  thickened-edge  design  is  necessary  if  the  section 
is  to  offer  uniform  resistance  to  load  at  all  points, 
thus  confirming  the  evidence  obtained  from  the  field 
tests  and  stress  measurements. 

The  analysis  showed  for  the  first  time  how  important 
a  factor  the  area  of  load  application  is  in  determining 
the  magnitude  of  the  critical  stress.  It  was  not  possible 
however,  to  determine  the  correct  shape  of  the  slab 
cross  section,  nor  was  the  means  provided  for  deter- 
mining the  value  of  the  elastic  constant  that  should 
be  used  for  a  given  subgrade  in  the  practical  applica- 
tion of  the  analysis  to  specific  cases  of  design.  In  spite 
of  these  deficiencies  the  Westergaard  analysis  represents 
one  of  the  most  important  steps  in  the  development  of 
concrete  pavement  slab  design. 

By  1924  several  progressive  States  that  were  build- 
ing considerable  mileages  of  concrete  pavement  had 
adopted  as  a  standard  some  form  of  thickened-edge 
design,  but  there  was  a  wide  variety  of  opinion  as  to 
what  the  shape  of  the  cross  section  should  be.  Today, 
a  decade  later,  41  States  are  using  exclusively  some 
type  of  thickened-edge  design  and  there  still  appears 
to  be  a  considerable  divergence  of  opinion  as  to  the 
amount  and  distribution  of  edge  thickening  needed, 
the  reason  being  that  neither  theory  nor  experiment 
has  so  far  supplied  the  information  to  enable  engineers 
to  design  with  precision  a  cross  section  with  equal 
resistance  to  applied  load  at  all  points. 

FACTORS  AFFECTIM;   CROSS-SECTION  DESIGN  INVESTIGATED 

The  investigation  of  the  structural  action  of  various 
concrete  pavement  slab  designs  which  was  begun  in 
1930  by  the  Bureau  at  the  Arlington  Experiment  Farm 
included,  as  one  of  its  major  parts,  a  study  of  the  be- 
havior of  a  number  of  designs  of  pavement  cross  sec- 
tion.6 

While  it  is  usual  to  think  of  the  design  of  a  cross 
section  as  being  determined  by  the  variation  in  the 

4  Stress  Measurements  in  Concrete  Pavements,  by  I..  W.  Teller,  Proc.  Fifth 
Annual  Meeting  Highway  Research  Board,  Dee.  3-5,  1925. 

'•  Stresses  in  Concrete  Pavements  Computed  by  Theoretical  Analysis,  by  H  M 
\\  estergaard.  A  paper  presented  before  the  Highway  Research  Board,  Dee.  3,  1925. 
Also  see  Pubi  [C  Roads,  vol.  7,  no.  2,  April'1926. 

«  See  The  Structural  Design  of  Concrete  Pavements,  pi.  1,  by  T>.  W.  Teller  and 
Rarl  C,  Sutherland,  Public  Roads,  vol.  16,  no.  8,  October  i93.n. 


bending  moments  resulting  from  applied  load,  in  pave- 
ments, as  in  other  structures,  other  factors  must  also 
be  considered  if  a  satisfactory  design  is  to  result. 

Most  of  the  data  relating  to  the  effects  of  tempera- 
ture variations  have  already  been  presented,7  and  in 
the  attending  discussion  the  primary  importance  of  these 
effects  has  been  brought  out.  In  this  study  of  pave- 
ment cross  sections  particular  attention  has  been  given 
to  the  following: 

1.  The  effect  of  the  condition  of  warping  on  the 
stresses  caused  by  applied  loads. 

2.  The  effect  of  the  changes  in  the  supporting  power 
of  the  subgrade  caused  by  freezing  and  thawing  or  by 
other  causes. 

3.  The  stresses  caused  by  variations  in  the  tempera- 
ture conditions  within  the  pavement. 

While  the  discussion  naturally  centers  around  the 
load-stress  relations  developed  for  the  various  cross 
sections,  consideration  is  given  to  the  effects  of  each 
of  the  factors  just  mentioned  as  observed  in  the  tests 
at  Arlington. 

The  sections  selected  for  these  tests  have  already 
been  described  in  part  1  of  this  series  of  papers,  but  for 
the  convenience  of  the  reader  the  details  of  the  various 
cross  sections  are  again  shown  in  figure  1.  It  will  be 
observed  that  the  sections  shown  cover  fairly  well  the 
range  of  designs  in  use  in  this  country  today.  There 
are  four  sections  of  uniform  thickness  (6,  7,  8,  and  9 
inches  thick).  This  type  of  slab  is  still  in  use  in  seven 
States.  There  are  three  thickened-edge  slabs  of  the 
type  in  which  the  edge  thickening  is  reduced  at  a  uni- 
form rate  to  zero  at  a  short  distance  from  the  edge. 
This  general  type  is  used  in  28  States  at  the  present 
time.  The  parabolic  cross  section,  in  which  the  thick- 
ening extends  to  the  center  of  the  slab,  is  used  in  9 
States,  while  the  design  suggested  by  the  American 
Association  of  State  Highway  Officials  (sec.  3  in  fig.  1) 
is  used  in  1  State. 

Although  the  actual  dimensions  of  the  cross  sections 
used  by  some  of  the  States  will  be  found  to  differ  some- 
what from  those  of  the  sections  shown  in  figure  1,  the 
differences  are  not  large  and  it  is  believed  that  complete 
tests  on  these  sections  provide  adequate  data  upon 
which  to  base  a  judgment  as  to  the  efficiency  or  balance 
of  almost  any  of  the  cross  sections  in  use  in  the  United 
States  at  the  present  time. 

PROGRAM  OF  LOAD  TESTING  DESCRIBED 

The  schedule  of  load  testing  followed  in  developing 
the  data  on  the  relative  efficiency  of  the  several  cross 
sections  can  be  most  readily  explained  by  referring  to 
figure  2,  in  which  the  four  quarters  or  quadrants  of  one. 
of  the  20-  by  40-foot  test  sections  are  shown.  In  this 
figure  the  small  circles  indicate  the  points  where  a  load 
was  applied,  the  load  being  placed  successively  on  each 
point  beginning  at  the  free  edge  of  the  panel;  the  short 
lines  within  the  circles  in  quadrants  1  and  3  show  the 
position  and  direction  of  the  strain  gages;  and  the 
broken  line  A' — B'in  quadrant  4  is  the  line  along  which 
the  curvature  of  the  slab  was  measured.  The  loading 
schedule  shown  in  quadrant  1  was  followed  on  at  least 
1  quadrant  of  each  of  the  test  sections  and  on  more 
than  1  quadrant  if  thought  desirable.  The  schedule 
shown  in  quadrant  3  was  followed  on  all  four  quadrants 
of  all  of  the  test  sections.     Deflection  measurements 


'  See  The  Structural  Design  of  Concrete  Pavements,  pt.  2,  by  L.  W.  Teller  and 
Earl  C.  Sutherland,  Public  Roads,  vol.  l«,  no.  9,  November  J93.r>. 
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Figure  1. — Designs  of  Pavement  Cross  Sections  Studied. 
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Figure  2. — Points  Where   Loads  Were   Applied 

were  made  on  one  quadrant  of  each  test  section.  On  a 
number  of  the  sections  load-stress  data  were  obtained 
during  the  different  seasons  of  the  year,  particularly  to 
determine  the  effect  of  subgrade  condition. 

In  all  of  these  loadings  a  bearing  block  8  inches  in 
diameter  and  of  the  grooved  type  was  used  in  order 
that  both  deflection  and  strain  measurements  might  be 
made  within  the  area  of  load  application.  Because  of 
the  height  of  the  clinometer  it  was  necessary  to  use  a 
split  bearing  block  approximately  4  inches  in  height 
when  making  deflection  measurements.  The  method  of 
applying  the  load  for  deflection  and  strain  measurements 
Is  shown  in  figures  3  and  4,  respectively. 


\\i>  Deflections  and  Strains  Were   Measured. 

For  the  loading  schedule  shown  in  quadrant  1, 
recording  strain  gages  of  the  type  described  in  part  1 
of  this  series  of  papers  were  installed  at  each  of  the  10 
positions,  being  placed  either  all  transversely  or  all 
longitudinally  in  any  one  test.  The  selected  load  was 
then  applied  successively  at  each  of  the  10  points, 
the  strains  in  both  the  longitudinal  and  transverse 
directions  being  recorded  at  each  gage  position  for 
each  loading. 

The  tests  scheduled  in  quadrants  1  and  4  were 
actually  performed  in  the  same  quadrant  of  the  test 
section  in  order  that  the  closest  possible  relation  would 
exist  between  the  strain  and  deflection  data. 
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Figure  3. — Applying  a  Test  Load  at  the  Edge  of  a  Slab 
Panel.  The  Deflections  Were  Referred  to  a  Bench- 
mark  Located  in  the  Shoulder. 

All  of  the  deflection  data  were  obtained  with  a  10- 
inch  clinometer  using-  the  procedure  described  in  part 
1  of  this  series  of  papers.  The  measurements  were 
started  at  a  bench  mark  set  close  to  the  edge  of  the 
test  section  (see  fig.  3)  and  were  continued  entirely 
across  the  slab.  The  elevation  of  each  clinometer 
point,  with  respect  to  the  bench  mark,  including  that 
directly  underneath  the  load,  was  thus  determined 
and  the  true  shape  of  the  transverse  center  line  of  the 
slab  established.  This  determination  was  made  first 
with  no  load  upon  the  slab  and  again  after  the  given 
load  had  been  applied,  the  difference  between  the  two 
curves  at  any  point  being  the  vertical  deflection  of  that 
point  caused  by  the  applied  load.  In  this  manner 
the  deflection  of  the  slab  between  points  A'  and  B' 
(see  fig.  2)  was  obtained  for  a  load  acting  at  each  of 
the  several  loading  points. 

Only  a  short  period  of  time  was  permitted  to  elapse 
between  the  strain  and  the  deflection  measurements 
in  order  that  the  condition  of  the  slab  might  not  change. 

LARGE  DEFLECTIONS  AND  STRAINS  OBTAINED  WITHOUT 
OVERSTRESSING  CONCRETE 

It  was  desirable  to  use  loads  of  sufficient  magnitude 
to  cause  large  deflections  and  large  strains  in  the  con- 
crete since  this  would  reduce  the  error  of  measurement. 
On  the  other  hand,  it  was  necessary  to  put  a  limit  on 
the  strains  produced  by  loading  since  it  was  very 
important   that  no  injury  he  done  to  any  of  the  test 


Figure  4. — Strain  Measurement  With  Load  Placed  Neaf 
Edge  of  Test  Section.  A  Recording  Strain  Gage  u\ 
Installed  Directly  Under  the  Load  in  a  Direction 
Perpendicular  to  the  Edge  of  the  Slab. 

sections.     It  was  decided    to   limit   the  loads  appliec 
to    the   extent    that    the   maximum   stresses   prodnceci 
in  the  concrete  would  not,  in  general,  exceed  one-hali 
of  the  average  modulus  of  rupture  as  determined  by 
the  strength  tests  made  at  the  beginning  of  the  invest!  i 
gation.     This  criterion  has  proved  to  be  satisfactory. 
With  but  one  exception,  all  of  the  forty  10-  by  20-foo 
test  slab  panels  are  apparently  intact  after  4  years  o 
intensive   load    testing.     The   strains   and    deflection 
produced  by  loads  of  this  magnitude  were  of  sufficien 
size   that   they   could   be   measured   with   satisfactory 
accuracy  with  the  instruments  available. 

In  the  preceding  paper  it  was  shown  that  the  condi' 
tion  of  warping  of  a  pavement  slab  had  a  definite 
effect  upon  the  magnitude  of  the  maximum  stress  . 
given  load  might  be  expected  to  produce,  particular!  ' 
if  the  load  were  applied  at  the  corner  or  along  the  edge* 
of  the  slab.  It  has  also  been  established  that,  for  ths 
concrete  used  in  this  pavement  at  least,  the  moistur; 
condition  in  the  concrete  had  an  important  effect  upo 
its  elastic  properties.  These  two  facts  made  it  neces- 
sary  to  take  special  precautions  to  maintain  unifon  a 
conditionsofmoistureand  of  temperature  within  the  cor  -j 
crete  of  the  test  sections  during  any  period  of  load  testing . 

As   previously   described,    the   method    adopted   f c  r: 
protecting  the  slabs  during  these  tests  consisted  of  t 
covering  layer  of  approximately  4  inches  of  dry  stra 
laid  directly  on  the  concrete,  with  protection  from  rah 
snow,  or  direct  sunlight  afforded  by  a  large  canvt 
shelter  supported  by  a  framework  on  the  loading  tanl . 

Temperature  measurements  made  within  the  coi 
crete  of  the  slabs  thus  protected  showed  that  the  diffe 
entials  in  temperature  between  the  upper  and  low<  i 
surfaces  of  the  pavement  were  always  very  small,  fri'fj 
quently  so  small  as  to  be  immeasurable.  At  the  tin  i 
of  testing  there  could  have  been  but  little  if  any  ten  ■ 
perature  warping  present  in  the  test  sections.     It  WW 
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not  possible  to  determine  the  variation  in  moisture 
throughout  the  depth  of  the  concrete  in  the  slabs  and 
therefore  no  positive  statement  regarding  the  condition 
of  moisture  warping  can  be  made.  It  seems  reasonable, 
however,  that  the  dead-air  spaces  in  the  dry  straw  layer 
which  provided  the  thermal  insulation  would  also 
greatly  decrease  the  rate  of  moisture  evaporation  from 
the  surface  of  the  concrete  and  would  reduce  corre- 
spondingly the  tendency  for  a  differential  in  moisture 
content  to  develop.  Whatever  differential  may  have 
existed  was  held  constant  during  the  period  of  test  by 
this  method  of  protecting  the  test  section. 

FORMULAS  FOR  CALCULATING  LOAD  STRESSES  GIVEN 

The  strength  and  elastic  properties  of  the  concrete 
were  determined  by  tests  made  upon  drilled  cores  and 
sawed  beams  obtained  from  short  sections  of  pavement 
constructed  especially  for  this  purpose  at  the  same 
time  that  the  test  sections  were  constructed.  One  of 
the  matters  investigated  in  these  collateral  tests  was  the 
effect  of  moisture  on  the  stiffness  of  the  concrete,  and 
it  was  found  that  the  value  of  the  modulus  of  elasticity 
varied  to  some  extent  with  the  moisture  content,  being 
highest  for  moist  concrete.  The  details  of  these  tests 
will  be  covered  in  a  subsequent  paper.  It  was  decided 
as  a  result  of  the  tests  that  the  proper  value  of  the 
modulus  of  elasticity  of  the  concrete,  in  bending,  and 
containing  as  nearly  as  could  be  determined  the  same 
percentage  of  moisture  as  the  concrete  in  the  test  sec- 
tions, was  5,500,000  pounds  per  square  inch.  This 
value  is  used  throughout  this  series  of  papers  in  com- 
puting stress  values  from  the  measured  strains. 

If  a  load  is  applied  at  a  certain  point  on  a  pavement 
slab,  the  stresses  developed  at  the  point  of  load  appli- 
cation can  be  determined  from  measured  strains  by 
means  of  the  following  formulas  as  described  in  part  2 
of  this  series  of  papers: 
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in  which  ax  —  ihe  stress  in  the  direction  of  the  ./-axis. 
(T„  =  the  stress  in  the  direction  of  the  #-axis. 
e2=the  unit  deformation  caused  by  stress  in 

the  direction  of  the  ./-axis. 
e„=the   unit   deformation   caused    by   stress 

in  the  direction  of  the  y-axis. 
£"=the  modulus  of  elasticity  of  the  concrete. 
/u= Poisson's  ratio  for  the  concrete. 

The  value  of  Poisson's  ratio  was  not  determined  for 
these  tests  but  was  assumed  as  being  0.15,  which  seemed 
to  be  a  fair  average  value  considering  such  test  data 
as  are  available.8 

In  carrying  out  the  test  schedules  described  in  the 
preceding  paragraphs,  a  large  number  of  observations 
were  made.  In  all  cases  tests  were  repeated  on  the 
same  or  a  different  quadrant  of  the  test  section  until 
the  data  obtained  were  considered  to  be  well  established. 
On  some  sections  more  tests  were  necessary  than  on 
others  and  in  certain  cases  it  was  deemed  desirable  to 
repeat  the  tests  under  both  summer  and  winter  condi- 
tions. It  is  neither  practicable  nor  desirable  to  present 
all  of  the  data,  which  were  obtained,  but  an  effort  has 

8  See  Digest  of  Test  Data  on  Poisson's  Ratio  for  Concrete,  by  Richart  and  Roy. 
Proc.  A.  S.  T.  M.,  vol.  30  (1930),  pt.  1,  Report  of  Committee  C-9,  pp.  661  667 


been  made  to  include  all  significant  data  and  to  show 
representative  data  in  all  cases. 

It  has  been  found  that  the  stresses  caused  by  load 
in  the  vicinity  of  the  longitudinal  joint  are  affected  to  a 
considerable  degree  by  the  structural  action  of  the  joints. 
In  designing  a  cross  section,  therefore,  the  shape  of  that 
portion  immediately  adjoining  the  longitudinal  joint 
will  be  controlled  by  the  design  of  the  joint.  Since  the 
characteristics  and  design  of  joints  are  to  be  discussed 
in  a  subsequent  paper,  it  is  thought  advisable  to  elimi- 
nate from  the  present  discussion  detailed  consideration 
of  the  effect  of  the  joint  design  upon  the  cross  section. 
For  this  reason  the  data  pertaining  to  that  portion  of 
the  pavement  within  3  feet  of  the  longitudinal  joints 
have  been  omitted  (except  in  the  case  of  the  influence 
lines).  There  is  every  indication  that  at  3  feet  from 
the  longitudinal  joint  the  effect  of  the  joint  action  is  so 
small  as  to  be  unimportant  in  all  cases. 

DEFLECTION    AND   STRESS   VARIATION    DATA    OBTAINED   FOR    THE 
VARIOUS  CROSS-SECTION  DESIGNS 

Figure  5  shows  deflection  curves  along  a  transverse 
section  for  a  slab  of  uniform  thickness  and  for  one  of  a 
conventional  thickened-edge  design.  The  magnitudes 
and  positions  of  the  load  that  produced  the  deflections 
are  indicated  iu  each  case,  and  attention  is  called  to  the 
difference  in  the  magnitude  of  the  loads  used  in  the  two 
designs.  These  data  show  that  the  slabs  are  tipped 
slightly  when  the  load  is  applied  at  the  free  edge,  the 
opposite  edge  or  center  of  the  pavement  being  actually 
raised  slightly.  When  the  load  is  applied  in  the  center 
of  the  10-foot  section  the  slab  is  deflected  over  practi- 
cally its  entire  width.  Both  of  these  effects  are  probably 
due  to  the  comparative  narrowness  of  the  slab.  The 
width,  however,  is  typical  of  modern  pavement  con- 
struction. It  is  possible  that  the  narrowness  of  the 
panel  affects  somewhat  the  elastic  curvature  and 
hence  the  stresses  caused  by  a  given  load.  This  point 
has  a  bearing  on  any  comparison  of  measured  stresses 
with  stresses  calculated  by  an  analysis  that  assumes  an 
infinitely  large  panel. 

The  deflections  of  the  thickened-edge  slab  are  much 
smaller  than  those  of  the  slab  whose  thickness  is  con- 
stant, for  loads  applied  near  the  free  edge.  As  the 
load  is  moved  away  from  the  edge,  however,  this 
difference  decreases,  becoming  very  small  at  a  point 
7  feet  from  the  free  edge. 

Figure  0  shows  longitudinal  and  transverse  stresses 
produced  by  the  same  loads  on  the  same  two  test  sec- 
tions for  which  deflection  data  were  presented  in  figure 
5.  Each  curve  shows  the  variation  of  stress  across  the 
transverse  section  for  the  magnitude  and  particular 
position  of  load  indicated.  Longitudinal  stress  is 
measured  parallel  to  the  long  axis  of  the  pavement  slab 
and  transverse  stress  is  measured  perpendicular  to  it. 
These  values  are  based  on  strains  measured  in  the  upper 
surface  of  the  pavement  and  hence  apply  only  to  that 
surface.  The  corresponding  stresses  in  the  lower  sur- 
face of  the  pavement  would  be  of  opposite  sense  and 
of  very  nearly  the  same  magnitude. 

AREA  OF  LOAD  INFLUENCE  FOUND  TO  BE  RELATIVELY  SMALL 

It  will  be  observed,  from  an  examination  of  the  stress 
variation  diagrams  of  figure  6,  that  a  load  applied  at 
the  free  edge  of  a  pavement  slab  produces  two  quite 
different  stress  conditions  in  the  vicinity  of  the  load. 
In  the  transverse  direction  the  section  acts  somewhat 
as   a    cantilever   and    a    fairly   high    transverse    tensile 
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Figure  5. — Elastic  Curves  for  Two  Typical  Cross  Sections  for  Various  Positions  of  Load. 


stress  is  produced  in  the  upper  surface  of  the  pavement, 
this  stress  reaching  its  maximum  value  at  a  distance  of 
approximately  2  to  3  feet  from  the  free  edge.  In  the 
longitudinal  direction,  the  maximum  stress  produced 
by  the  edge  loading  is  a  tension  in  the  bottom  of  the 
pavement  directly  underneath  the  loaded  area,  with  a 
corresponding  compression  in  the  upper  surface.  For 
the  condition  of  these  tests,  in  the  case  of  the  0-inch 
uniform-thickness  section,  the  magnitude  of  maximum 
longitudinal  stress  caused  by  edge  loading  is  about 
3K  times  the  magnitude  of  the  corresponding  maximum 
stress  in  the  transverse  direction  and,  in  the  case  of 
the  9-6-9  section,  about  6  times  that  in  the  transverse 
direction. 

As  the  position  of  the  load  is  moved  gradually  along  a 
transverse  section,  the  stress  conditions  created  change 
from  those,  just  described  to  those  of  an  interior  load- 
ing. A  load  applied  at  the  interior  of  a  panel  of  infinite 
extent  will  cause  deflection  and  stress  conditions  which 
do  not  vary  with  direction.  Even  on  a  panel  of  the 
limited  dimensions  used  in  these  tests,  it  will  be  noted 
I  hat  when  the  loaded  area  is  near  the  center  of  the  panel 
the  magnitudes  of  the  maximum  longitudinal  and  trans- 
verse stresses  are  practically  equal.  The  variation 
curves  reflect  the  effect  of  slab  dimension,  however,  in 
that  for  loads  applied  near  the  center  of  the  panel  the 
slab  is  stressed  for  a  somewhat  greater  distance  in  the 
direction  of  the  long  dimension  than  it  is  in  the  direction 
of  the  short  dimension.  These,  curves  also  show  quite 
definitely  that  for  the  interior  loading  the.  critical 
stresses  are  highly  concentrated  and  that  the  magnitude 


of  the  stress  decreases  rapidly  as  the  distance  from  the 
center  of  load  application  increases. 

The  area  of  influence  of  the  load,  i.  e.,  the  area  within 
which  appreciable  stresses  or  deflections  are  produced, 
will  naturally  vary  with  the.  thickness  and  design  of  the 
cross  section  and  perhaps  with  other  factors.  For  the 
designs  studied  in  these  tests  the  data  indicate,  that  for 
the  edge  loading  the  area  of  influence  for  stresses  is 
roughly  a.  semicircle  with  a  radius  of  approximately 
3  feet,  while  for  the  interior  loading  the  area  of  influence 
is  roughly  a  circle  with  a  radius  of  approximately  3  feet. 
These  are  only  approximate  values  but  the  point  of 
interest  is  the  contrast  with  the  areas  over  which 
appreciable  deflections  occur. 

The  data  show  that  increasing  the  thickness  of  the 
slab  near  the  free  edge  is  an  effective  method  for  reduc- 
ing the  maximum  stress  that  can  be  caused  by  an 
applied  wheel  load.  The  greatest  reduction  is  thus 
found  in  longitudinal  tension  on  the  bottom  of  the 
slab  with  the  load  applied  at  the  free  edge  of  the  pave- 
ment. There  is  also  a  slight  reduction  in  the  longitu- 
dinal stresses  in  the  interior  of  the  slab  which  is 
probably  caused  by  a  stiffening  effect  from  the  thickened 
edge. 

MAXIMUM  DEFLECTION  AND  MAXIMUM  STRESS  DIAGRAMS 
CONSTRUCTED 

If  a  given  load  is  applied  successively  at  a  series  of 
positions  across  a  transverse  section  of  a  pavement 
slab,  for  each  position  of  the  load  a  certain  maximum 
deflection  and  a,  certain  maximum  stress  will  be  pro- 
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|uced  and  the  values  of  these  can  be  determined.  II 
Ihese  maximum  values  are  plotted  as  ordinates  at  the 
points  on  the  transverse  section  at  which  they  were 
observed,  a  curve  may  be  drawn  through  them  which 
is  in  reality  the  envelop  of  all  the  deflection  (or  stress) 
variation  curves  that  might  be  developed  along  the 
section  by  the  load  in  question.  Since  this  envelop 
curve  shows  the  maximum  deflections  (or  stresses)  that 
could  be  developed  by  the  given  load  regardless  of  its 
position,  these  graphs  have  been  termed  maximum 
deflection  (or  stress)  diagrams  in  this  paper. 


Figure  7  shows  maximum  deflection  diagrams  for 
each  of  the  10  test  sections,  it  should  be  noted  that 
the  diagrams  apply  only  to  the  case  of  a  single  load  and 
that  the  magnitude  of  this  load  varies  with  the  design 
of  the  cross  section  under  test. 

Sections  10,  9,  7,  and  6  are  the  sections  of  uniform 
thickness.  The  data  from  these  sections  show  that  the 
maximum  deflection  caused  by  a  load  applied  at  the 
free  edge  of  a  constant-thickness  slab  is  slightly  more 
than  3  times  the.  maximum  deflection  caused  by  a  load 
of  the  same  magnitude  applied  at  an  interior  point. 
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As  the  area  of  load  application  is  moved  from  the  free 
edge  toward  the  interior  the  magnitude  of  the  maxi- 
mum deflection  decreases  rapidly  until,  with  the  center 
of  load  application  approximately  3  feet  from  the  edge, 
the  maximum  deflection  is  practically  the  same  as  it 
is  for  the  load  at  the  mid-point  of  the  panel. 

Sections  5,  2,  and  1  are  thickened-edge  sections  of  the 
type  in  which  the  edge  thickening  is  decreased  at  a 
uniform  rate  to  zero  at  a  short  distance  from  the  edge. 
The  shape  of  the  maxiimun  deflection  diagram  for  this 
type  of  section  appears  to  be  very  similar  to  that  of  a 
section  having  a  constant  thickness,  although  the 
maximum  deflection  with  the  load  applied  at  the  edgo 
of  the  slab  is  in  this  case  on  the  average  only  about 
2.35  times  the  maximum  deflection  measured  for  the 
same  load  applied  at  the  interior  of  the  panel.  It  is 
apparent  that  the  edge  thickening  of  these  sections  has 
a  relatively  small  effect  on  the  maximum  deflections. 

Section  4  is  one  in  which  the  cross  section  is  bounded 
by  two  parabolic  curves,  the  center  thickness  being 
seven-tenths  of  the  edge  thickness.  The  edge  deflec- 
tion of  this  section  is  also  approximately  three  times 
the  deflection  at  the  interior. 

Section  3  has  a  heavy-edge  cross  section  of  a  design 
once  suggested  by  the  American  Association  of  State 
Highway  Officials.  The  deflection  of  a  slab  of  this 
design  under  an  edge  loading  is  approximately  one  and 
one-half  times  the  deflection  under  an  interior  loading. 

Section  8  is  the  section  having  the  lip  curb  on  the 
upper  surface.  As  previously  explained,  two  panels  of 
this  section  (called  sec.  8A)  had  the  lip  curb  added  to  a 
slab  of  otherwise  constant  thickness  while  the  remain- 
ing two  panels  were  of  the  thickened  edge  type  before 
the  addition  of  the  lip  curb  (sec.  8B  in  fig.  1).  The 
deflection  of  the  edge  of  section  8A  is  a  little  more  than 
3  times  the  deflection  of  the  interior,  while  in  section 
8B  the  deflection  under  an  edge  loading  is  approxi- 
mately 2  times  the  deflection  under  the  same  load  at 
the  interior  of  the  slab. 

These  data  show  that  in  all  cases  a  given  load  caused 
greater  deflections  when  applied  at  the  free  edge  of  the 
pavement  than  when  applied  at  the  interior  points.  If 
the  magnitude  of  the  deflections  were  to  be  used  as  a 
criterion  for  balancing  a  design,  one  might  conclude 
that  none  of  the  sections  has  been  strengthened  suffi- 
ciently  along  the  free  edge.  It  will  be  of  interest  to 
keep  these  curves  in  mind  while  examining  the  indica- 
tions of  the  stress  data  which  follow. 

The  maximum  stress  diagrams  shown  in  figure  8  were 
prepared  in  a  manner  similar  to  that  used  in  developing 
the  deflection  data  just  discussed.  These  curves  show 
the  variations  in  the  maximum  longitudinal  and  maxi- 
mum transverse  stresses  as  the  given  load  is  placed 
successively  at  the  points  shown  in  figure  2,  quadrant  1. 
The  stresses  are  those  directly  under  the  load  and  gen- 
erally are  the  maximum  in  each  direction,  the  one 
exception  being  the  transverse  stress  developed  by  the 
load  applied  at  the  edge  of  the  slab.  In  this  case  the 
maximum  transverse  stress  is  developed  2  or  more  feet 
from  the  edge  of  the  pavement.  Because  of  the  fart 
that  a  greater  transverse  stress  is  developed  at  the  same 
point  when  the  load  is  placed  directly  over  it,  the  excep- 
tion noted  above  does  not  afi'ect  the  accuracy  of  the 
maximum  stress  diagrams  of  figure  8. 

The  values  plotted  in  these  diagrams  are  generally 
the  average  of  two  sets  of  determinations  (the  data 
such  as  are  shown  in  figure  6  being  considered  as  one 
set)  from  tests  made  on  one  or  two  quadrants  of  the 

3263G-— :i', 2 


test  section.  In  order  to  provide  a  general  check  and 
to  determine  more  closely  the  relation  between  the 
maximum  stresses  resulting  from  edge  and  interior 
loadings,  the  test  schedule  shown  in  quadrant  3  of 
figure  2  was  carried  out  on  all  4  quadrants  of  all  the 
sections,  except  section  8,  the  lip-curb  design,  where 
only  2  quadrants  of  each  type  were  available. 

MORE  UNIFORM  LOAD-STRESS  DISTRIBUTION  FOUND  ON 
THICKENED-EDGE  DESICNS 

in  general,  the  average  maximum  stresses  for  the  edge 
and  interior  loadings  as  determined  by  these  supple- 
mentary tests  agree  closely  with  corresponding  values 
determined  during  the  measurements  mentioned  above, 
i.  e.,  the  schedule  shown  in  quadrant  1,  figure  2.  The 
measurements  that  determined  the  stress  variation 
curves  give  a  good  indication  of  the  variation  in  strength 
in  the  various  parts  of  the  different  cross-section  de- 
signs. The  supplementary  tests,  although  they  involve 
measurements  at  only  the  two  positions  on  the  cross 
section  (the  free  edge  and  the  interior),  were  made  at  a 
considerable  number  of  points.  For  this  reason,  the 
average,  values  for  each  test  section  (shown  as  triangu- 
lar points  in  figure  8  and  some  of  the  other  figures  that 
follow)  are  believed  to  give  the  most  reliable  indication 
of  the  relative  strengths  of  the  edge  and  interior  of  any 
particular  design.  Some  discrepancies  may  be  noted  in 
this  figure,  if  a  comparison  is  made  between  the  stresses 
found  in  different  test  sections  having  comparable  edge 
or  interior  thicknesses.  These,  discrepancies  are  be- 
lieved to  result  in  large  part  from  the  fact  that  different 
sections  were,  tested  at  different  times  of  the  year. 

There  were  variations  in  the  condition  of  the  concrete 
and  of  the  subgrade  that  influence  these  data  to  some 
extent  so  far  as  the  relation  between  slab  thickness  and 
stress  caused  by  a  given  load  is  concerned.  Other  data 
obtained  within  a  relatively  short  period  of  time  were 
used  in  the  comparison  of  slab  thicknesses  to  be  dis- 
cussed in  a  subsequent  report.  Since  all  of  the  tests  on 
any  one  section  were  made  during  a  short  period  of  time, 
it  is  believed  that  the  effect  of  the  seasonal  variations 
in  slab  and  subgrade  condition  do  not  enter  any  of  the 
comparisons  that  are  made  in  tins  discussion  of  pave- 
ment cross  sections. 

If  a  pavement  cross  section  is  to  carry  loads  with  a 
maximum  of  efficiency,  the  design,  insofar  as  applied 
loads  are  concerned,  should  theoretically  be  such  that  a 
given  load  will  produce,  a  certain  maximum  stress  re- 
gardless of  the  point  of  application  of  the  load  on  the 
slab.  The.  maximum  stress  diagram  for  such  a  design 
would  have  the  same  ordinates  at  the  free  edge,  the 
interior,  and  all  intermediate  points.  Any  variation  in 
the  magnitude  of  the  maximum  stress  at  different  points 
across  the  section  is  an  indication  of  too  much  or  too 
little  strength  at  that  particular  point.  The  maximum 
stress  diagrams  can  be  used,  therefore,  as  a  basis  for 
judging  the  efficiency  or  "balance"  of  the  various  cross 
sections  that  were  tested. 

Sections  10,  9,  7,  and  6  have  a  uniform  thickness  at 
all  points.  Referring  to  the  stress  diagrams  for  these 
sections  in  figure  8,  it  will  be  observed  that  the  shape 
of  the  curves  showing  the  variation  in  maximum  stress 
across  the  slab  are.  very  similar  for  these  four  sections. 
An  increase,  in  the  magnitude  of  the  maximum  stress 
in  the  longitudinal  direction  as  the  position  of  the  load 
approaches  the  free  edge  of  the  slab  is  apparent  in  all 
of  the  sections,  showing  clearly  the  lower  load-carrying 
capacity  of  this  portion  of  a  slab  of  uniform  thickness 
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Figure  8. — Maximum  Stress   Diagrams  for  Each  of  the  Various  Cross-Section    Designs  Studied      Values   Indicate 

Compression  in  the   Upper  Surface  of  the  Slab. 
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Figure  9.—  Maximum  Stress  Diagrams  for  Uniform- 
Thickness  Sections  Developed  From  Data  Obtained 
for  Sections  Nos.  10,  9,  7,  and  6. 

when  load  stresses  alone  are  considered.  In  the  trans- 
verse direction  the  stresses  are  practically  zero  at  the 
extreme  edge  of  the  sections  but  increase  to  their  maxi- 
mum value  in  a  distance  of  approximately  4  feet  from 
the  edge.  In  the  case  of  the  longitudinal  stresses  the 
maximum  value  is  at  the  free  edge  and  this  value 
decreases  over  a  distance  of  approximately  3  feet  to  a 
minimum  value.  The  maximum  value  of  the  trans- 
verse stress  is  equal  to  the  minimum  value  of  the  longi- 
tudinal stress  throughout  the  interior  region  of  these 
sections. 

'The  characteristics  of  a  section  of  constant  thickness 
are  possibly  shown  better  by  the  average  diagram  of 
figure  9.  This  diagram  was  constructed  by  assuming 
that  stress  varies  directly  with  load  and  then  averaging 
the  maximum  stresses  that  would  be  caused  in  each  of 
the  lour  pavement  sections  by  an  average  load  of  10,250 
pounds. 

These  data,  indicate  that  there  is  a  relatively  large 
part  of  the  cross  section  of  a  slab  of  uniform  thickness 
over  which  a  given  load  will  produce  practically  the 
same  maximum  stress  and  that  there  is  only  a  relatively 
small  part  of  the  cross  section  adjacent  to  a  free  edge 
that  requires  modification  to  "balance"  the  cross  sec- 
tion. It  is  indicated  that  this  adjustment  of  cross  sec- 
tion need  not  extend  more  than  2%  feet  from  the  free 
edge  of  the  slab. 

The  average  maximum  stress  at  the  extreme  edge  ol 
these  sections  of  constant  thickness  is  approximately  60 
percent  greater  than  the  average  maximum  stress  in  the 
interior  portions  under  the  given  load. 
_  Sections  5,  2,  and  1  have  thickened-edge  cross  sec- 
tions of  a  similar  type,  the  interior  area  of  each  being 
of  a  constant  thickness.  The  maximum  stress  dia- 
grams for  these  sections  (fig.  8)  give  direct  evidence  on 
the  reduction  in  the  maximum  edge  stress  resulting 
from  various  degrees  of  edge  thickening.  Although  a 
definite  reduction  is  apparent  for  all  three  of  these  sec- 
tions it  is  indicated  that  in  none  of  them  is  the  relation 
between  edge  and  interior  thicknesses  proper  for  a  con- 
stant maximum  stress  value.  It  will  be  noted  that  the 
9-6-9  section  is  the  most  nearly  balanced,  yet  even 
with  an  edge  thickness  that  is  50  percent  greater  than 
the  interior  thickness,  the  load  placed  6  inches  from  the 
extreme  edge  of  this  section  produced  a  maximum  stress 
somewhat  greater  than  that  caused  by  the  same  load 
applied  in  the  interior  of  the  slab. 

EDGE  THICKENING  FOR  BALANCED  DESIGN  DETERMINED 

The  relation  between  edge  and  interior  stresses  in  the 
slabs  of  constant  thickness  and  in  the  three  thickened- 
edge  sections  just  mentioned  provides  a  means  for 
estimating  the  extent  to  which  the  edge  thickness  should 


Figure  10.- 


-Effect  of  Edge  Thickening  on  the  Reduction 
of  Edge  Stress. 


be  increased  if  a  perfect  balance  of  the  cross  section  is 
to  be  attained.  In  figure  10  the  increase  of  edge  stress 
over  interior  stress  (expressed  as  a-  percentage  of  the 
latter)  has  been  related  to  the  increase  of  edge  thickness 
over  the  interior  thickness,  similarly  expressed,  for 
each  of  these  sections.  In  the  case  of  the  four  constant- 
thickness  sections  the  average  value  was  used.  By 
drawing  a  straight  line  through  the  plotted  points  and 
prolonging  this  line  a  short  distance  to  the  horizontal 
axis  of  the  graph,  the  intercept  on  this  axis  indicates 
approximately  the  percentage  of  increase  in  edge  thick- 
ness that  would  be  required  to  reduce  the  edge  stress 
to  the  same  value  as  the  interior  stress. 

It  will  be  observed  that  this  method  of  analysis 
indicates  that,  for  the  type  of  cross  section  in  which  the 
interior  of  the  slab  is  of  constant  thickness  and  the  edge 
I  hickening  is  developed  at  a  uniform  rate  in  the  outer  2 
or  3  feet  of  the  pavement,  the  thickness  of  the  extreme 
edge  must  be  about  one  and  two-thirds  times  that  of 
I  he  interior  of  the  slab,  if  the  section  is  to  be  completely 
balanced  for  stresses  caused  by  load. 

This  relation  would  not  necessarily  hold  for  other 
cross  sections  of  radically  different  shape  and  might  be 
affected  somewhat  by  the  conditions  of  subgrade 
support. 

Section  4  has  a  cross  section  bounded  by  two  para- 
bolic curves  with  a  thickness  of  6.3  inches  at  the  longi- 
tudinal joint  and  9  inches  at  the  free  edge.  The  maxi- 
mum stress  diagram  for  this  section  shows  a  slightly 
greater  stress  at  the  edge  of  the  slab  than  at  the  interior 
but  there  is  a  section  at  a  short  distance  from  the  edge 
in  which  the  stresses  are  definitely  lower  than  those  in 
the  interior  of  the  panel  (see  fig.  8).  The  diagram 
indicates,  therefore,  that  at  the  extreme  edge  the  section 
is  not  of  sufficient  thickness  to  balance  completely  the 
edge  and  interior  stress  values,  and  that  at  a  short 
distance  from  the  edge  the  section  is  thicker  than  is 
necessary.  It  must  be  concluded  that  so  far  as  stress 
from  applied  load  is  concerned  this  section  is  not  well 
balanced. 

Section  3  has  the  same  center  and  edge  thicknesses 
as  section  4  but  the  shape  of  the  cross  section  is  quite 
different.  In  section  3  the  9-inch  edge  thickness  is 
maintained  in  the  outer  2  feet  and  then  reduced  to  the 
center  thickness  of  6.3  inches  in  the  next  2  feet  of  the 
cross  section.  The  remainder  of  the  slab  width  is 
uniformly  6.3  inches  thick.  The  maximum  stress 
diagram    for    this    section    shows    that    the    maximum 
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FioTJRE   11.-    Application  of  a  Test  Load  on  the  Exti 
EotiE  of  the  Lip-Curb  Section. 

stress  ul  the  free  edge  is  approximately  the  same  as 
that  in  the  interior  of  the  slab.  That  part  of  the  cross 
section  at  a  short  distance  from  the  edge  is  shown  to  be 
much  stronger  than  either  the  edge  or  the  interior 
and  it  is  this  part  of  the  cross  section  that  throws  the 
design  out  of  balance.  The  diagram  also  indicates 
that  the  heavy  edge  of  this  section  exerts  an  influence 
on  the  magnitude  of  the  stresses  for  a  short  distance 
beyond  the  point  where  the  edge  thickening  is  dis- 
continued. The  contrast  between  the  deflection  dia- 
gram (fig.  7)  and  the  stress  diagram  (fig.  S)  for  this 
section  is  worthy  of  note.  From  the  deflections  it 
might  be  concluded  that  this  section  was  the  most 
nearly  balanced  of  all  of  those  tested,  while  the  stress 
diagram  leads  to  (he  conclusion  that  this  section  is  not 
well  balanced  and  therefore  the  most  economical  use 
is  not  made  of  the  material  in  it. 

The  stress  diagram  for  section  3  was  compared  with 
those  for  section  4  and  the  three  sections  in  which  the 
edge  thickening  was  decreased  at  a.  uniform  rate  from 
the  edge  of  pavement  inward  (sees.  5,  2,  and  1 )  and  it 
was  found  that  the  shape  of  the  cross  section  has  some 
influence  on  the  relation  between  the  edge  and  interior 
thicknesses  necessary  to  balance  the  maximum  stresses 
for  a  given  load.  For  example,  it  has  been  noted  that 
with  the  type  of  cross  section  represented  by  sections 
5,  2,  and  1,  an  increase  in  edge  thickness  of  approxi- 
ina  tely  6(3  percent  over  the  interior  thickness  is  necessary 
to  balance  these  stresses,  whereas  in  section  3  an  essen- 
tial balance  of  edge  and  interior  stresses  is  obtained 
with  an  edge  thickness  that  is  only  43  percent  greater 
than  that  of  the.  interior  of  the  slab.  This  is  un- 
doubtedly due  to  the  greater  stiffness  of  those  designs 
in  which  the  edge  thickness  is  not  decreased  rapidly 
from  the  edge  of  the  pavement,  designs  which  the 
stress  diagrams  show  to  be  poorly  balanced  elsewhere. 


SPECIAL  METHODS  OF  LOADING  LIP-CURB  SECTIONS  DESCRIBED 

Section  8  was  provided  with  a  lip  curb  on  either  edge. 
As  mentioned  earlier,  the  two  halves  of  this  section, 
divided  longitudinally,  are  of  different  design.  One 
half,  marked  section  8A  on  figure  1,  is  of  uniform 
thickness  except  where  the  lip  curb  was  added,  while 
on  the  other  half,  marked  section  8B  on  figure  1,  the 
lip  curb  was  added  to  a  9-inch  edge,  7-inch  interior- 
thickness  cross  section.  Thus  section  8A  may  be 
considered  as  being  thickened  on  the  top  and  section  8B 
on  both  bottom  and  top. 

In  making  tests  at  the  extreme  edge  of  these  sections 
it  was  necessary  to  place  loads  and  to  measure  strains 
in  a  manner  slightly  different  from  that  used  on  the 
other  sections,  because  of  the  presence  of  the  lip  curb. 
The  bearing  block  used  was  solid,  i.  e.,  there  was  no 
groove  in  the  bottom,  and  it  was  placed  on  top  of  the 
curb,  the  center  of  the  block  being  in  the  center  of  the 
level  section  of  the  curb,  as  shown  in  figure  11.  Since 
this  level  section  is  only  3  inches  wide,  the  full  area  of 
the  bearing  block  was  not  in  contact  with  the  pavement, 
and  in  this  position  the  center  of  the  loaded  area  was 
somewhat  closer  to  the  edge  of  the  slab  than  was  the 
case  with  the  other  sections.  It  was  considered  that 
this  method  of  loading  was  justified  as  it  represents  the 
condition  of  a  wheel  load  "riding"  the  curb. 

The  longitudinal  strains  were  measured  by  installing 
the  two  strain  gages  on  the  vertical  face  of  the  edge  of 
the  pavement,  one  as  near  the  upper  and  the  other  as 
near  the  lower  surface  of  the  pavement  as  possible. 

For  reasons  that  are  obvious,  it  was  not  practicable 
to  measure  the  strains  in  the  transverse  direction 
directly  under  the  load  when  the  load  was  placed  at 
the  edge  of  the  lip-curb  section.  The  transverse  stress 
computed  from  the  transverse  strain  was  foimd  to  be 
practically  zero  at  the  edges  of  all  of  the  other  sections, 
so  it  was  assumed  to  be  zero  at  the  edge  of  the  lip-curb 
section.  Consequently,  in  order  to  complete  the 
transverse-stress  curve  for  this  section,  the  value  plotted 
represents  the  transverse  effect  of  the  longitudinal 
stress.  All  of  the  other  values  shown  in  the  stress 
diagrams  are  the  direct  result  of  strain  measurements. 

The  maximum  stress  diagram  for  section  8A  shows  a 
slightly  higher  stress  at  the  edge  than  at  the  interior 
and  a  slightly  lower  stress  about  18  inches  from  the 
edge.  Across  the  remainder  of  the  section  the  stress 
is  practically  constant.  It  appears  that,  except  for 
loads  applied  at  the  top  of  the  lip  curb,  this  design  can 
be  considered  as  balanced  and,  since  with  a  lip  curb 
in  normal  service  the  application  of  loads  on  the  top  of 
the  curb  would  probably  occur  but  rarely,  it  appears 
that  where  a  lip  curb  of  this  design  is  used  no  other 
edge  strengthening  is  necessary.  The  maximum  stress 
diagram  for  section  8B  confirms  this  conclusion.  It  will 
be  seen  in  figure  8  that,  in  that  part  of  the  cross  section 
which  includes  the  thickening  on  the  bottom  of  the  slab, 
the  stresses  are  consistently  less  than  in  the  interior. 

It  might  possibly  be  argued  that,  in  spite  of  the  fact 
that  the  very  presence  of  a  lip  curb  tends  to  keep  the 
wheel  loads  aw\ay  from  the  edge  of  the  pavement,  the 
section  should  provide  fully  for  this  occasional  loading. 
If  such  a  design  is  desired,  the  data  indicate  that  the 
cross  section,  exclusive  of  the  lip  curb,  should  be  made 
slightly  thicker  at  the  edge  than  at  the  interior  although 
not  to  the  same  extent  as  in  section  8B.  It  is  probable 
that  an  additional  inch  at  the  edge,  decreased  to  zero 
at  from  12  to  18  inches  from  the  edge,  would  accomplish 
the  desired  result. 
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As  previously  remarked  in  the  discussion  of  section  3, 
there  is  a  marked  difference  between  the  deductions 
concerning  the  relative  balance  of  designs  that  might 
be  made  from  the  maximum  deflection  diagrams  and 
those  that  might  be  made  from  the  maximum  stress 
diagrams.  The  deflection  data  might  be  taken  to  indi- 
cate that  all  of  the  sections  are  very  poorly  balanced, 
while  the  stress  data  show  that  a  number  of  the  sections 
are  fairly  well  balanced.  The  reason  for  the  difference 
is  that  for  a  given  loading  the  maximum  stress  is  found 
where  the  change  in  the  rate  of  curvature  of  the  elastic 
curve  is  greatest  and  is  a  highly  localized  condition, 
whereas  the  maximum  deflection  noted  may  be  the 
result  of  deflection  over  a  large  area  and  thus  may  not 
be  associated  with  a  marked  change  in  the  shape  of  the 
elastic  curve. 

This  is  one  of  a  number  of  instances  in  these  investi- 
gations in  which  the  relations  indicated  by  the  deflec- 
tion data  are  not  in  agreement  with  those  shown  by  the 
stress,  data,  and  in  all  of  the  analyses  which  have  been 
made  much  more  weight  has  been  given  to  the  stress 
data  since  the  latter  are  a  direct  measure  of  the  load- 
carrying  ability  of  the  slab.  It  is  believed  that  the 
deflection  measurements  are,  in  all  cases,  as  accurate 
as  it  is  possible  to  make  them  by  direct  methods  and 
that  the  data  show  very  closely  the  relative  movements 
which  occurred.  However,  the  shapes  of  the  elastic 
curves  of  the  deflected  slabs  are  not  determined  by 
these  methods  with  sufficient  precision  to  warrant  any 
deductions  from  the  deflection  data  regarding  the  stress 
conditions  associated  with  the  deflection. 

EFFECTS  OF  MULTIPLE- WHEEL  LOADINGS  DISCUSSED 

The  data  and  discussion  thus  far  presented  have 
related  solely  to  the  effects  produced  by  a  single  load. 
It  has  been  shown  by  these  and  by  earlier  studies  '■'  that 
the  area  of  a  pavement  slab  that  is  stressed  by  a  single 
load  is  relatively  small,  and  the  data,  indicate  that  if 
several  loads  are  applied  simultaneously,  as  would  occur 
in  the  case  of  a  vehicle  on  the  pavement,  the  critical 
stress  under  each  load  will  not  be  increased  by  the 
presence  of  the  other  loads,  providing  the  distance 
between  the  loads  is  approximately  3  to  4  feet  or  more. 
Thus  it  is  to  be  expected  that  4-  and  (i-w  heel  vehicles 
of  the  usual  types  will  not  have  wheel  loads  so  closely 
spaced  that  the  effect  of  adjacent  wheel  loads  on  stress 
need  be  considered.  On  rare  occasions,  however,  pave- 
ments are  subjected  to  heavy  loads  on  closely  spaced 
wheels  as,  for  example,  where  such  cargoes  as  power 
shovels,  road  rollers,  electrical  transformers,  or  other 
concentrated  weights  are  moved  over  the  highway  on 
what  are  generally  known  as  heavy-duty  trailers. 
These  trailers  are  usually  equipped  with  four  wheels  at 
the  rear  articulated  in  order  to  distribute  the  load  to 
the  pavement  uniformly. 

Figure  12  shows  typical  wheel  spacings  (along  a 
plane  through  the  rear  axle)  for  two  trailers  of  the  type 
referred  to.  It  will  be  noted  that  the  close  spacing  of 
the  wheels  may  possibly  affect  the  critical  stress  in  the 
pavement.  Thus,  this  type  of  loading  might  have  an 
influence  on  the  design  of  the  cross  section  of  pavement 
slabs  for  certain  locations. 

No  direct  tests  to  determine  stresses  in  the  test 
sections  under  multiple  loadings  have  been  made  up 
to  the  present  time.     However,  data  developed  in  the 

•  See  The  Six  Wheel  Truck  and  the  Pavement,  by  L.  W.  Teller,  Public  Roads, 
vol.  fi,  no.  8,  October  1925.  Also  see  Stresses  in  Concrete  Pavements  Computed  by 
Theoretical  Analysis,  by  H.  M.  Westergaard,  Public  Roads,  vol.  7,  no.  2,  April  1926. 


TRAILER    LOADING    A 
«5" 


TRAILER    LOADING    "B" 


Figi  re  i'_'. — Typical  Wheel  Arrangements  for  Heavy-Duty 
Trailers. 

tests  which  have  been  described  in  this  report  furnish  a 
means  for  investigating  the  probable  effect  of  loadings 
such  as  are  shown  in  figure  12.  It  was  thought  tha  I  a n 
analysis  of  these  two  cases,  from  the  standpoint  of  a 
possible  influence  on  the  design  of  the  slab  cross  section, 
would  be  of  value  in  the  present  discussion. 

In  the  description  of  the  testing  procedure  it  was 
stated  that  a  load  was  placed  successively  at  each  of  the 
points  shown  in  quadrant  4,  figure  2,  for  deflection 
measurements,  or  in  quadrant  1  for  strain  measure- 
ments, and  that  the  deflection  or  strain  was  measured 
at  each  of  these  points  for  every  position  of  the  load. 
From  the  data  obtained  it  is  possible  to  construct  dia- 
grams that  show  the  variation  in  deflection  or  stress 
at  any  one  of  the  points  of  measurement  as  the  point 
of  loading  was  moved  transversely  across  the  slab. 
These  diagrams  are  in  reality  influence  lines  for  deflec- 
tion or  for  stress  for  the  several  points  along  the  cross 
section. 

Taking  again  the  6-inch  uniform-thickness  slab  (sec. 
fO)  and  the  9-6-9  thickened-edge  slab  (sec.  5)  as 
representative  sections,  influence  lines  for  deflection  for 
each  of  the  7  load  positions  in  quadrant  4  are  shown  in 
figure  13,  and  corresponding  influence  lines  for  stress  for 
each  of  the  10  load  positions  in  quadrant  1  are  shown 
in  figure  14.  These  values  are  for  a  5,000-pound  load 
applied  on  a  circular  area  8  inches  in  diameter. 

It  was  mentioned  earlier  in  this  paper  that  the  struc- 
tural action  of  the  longitudinal  joint  exerted  tin  influence 
on  the  magnitude  of  the  stresses  produced  by  a  given 
load  and  that  the  effect  might  extend  as  far  as  3  feet 
from  the  joint.  For  this  reason  the  data  taken  within 
this  distance  of  the  joint  have  been  omitted  generally 
from  the  figures.  An  exception  was  made  in  the  case  of 
the  influence  lines  because  it  is  believed  that  they  will 
be  more  useful  if  shown  in  this  way.  The  values  given 
for  points  within  approximately  3  feet  of  the  longitu- 
dinal joint  apply  strictly  only  to  those  designs  that 
include  longitudinal  joints  having  the  same  structural 
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Figure   13. —  Influence  Lines  for  Deflection  on  Two  Typical  Sections. 


action  as  those  used  in  the  tests,  but  should  apply  with 
reasonable  accuracy  for  other  designs  of  a  similar  type 
and  degree  of  joint  efficiency. 

The  longitudinal  joint  of  section  10  is  a  corrugated 
steel  plate,  with  %-inch  diameter  deformed  steel  bars  in 
bond  and  placed  transversely  at  60-inch  intervals. 
The  longitudinal  joint  for  section  5  is  a  steel  plate  with 
a  single  triangular  tongue  with  steel  bars  placed  in  the 
same  manner  as  in  section  10.  In  tests  of  the  efficiency 
of  the  longitudinal  joints  of  the  various  sections  it 
was  found  that  both  of  the  joints  described  were  of 
approximately  the  same  efficiency  and  that  both  were 
fairly  efficient.  It  is  believed  that  the  data  shown  will 
apply  with  a  reasonable  degree  of  accuracy  to  longi- 
tudinal joints  of  the  tongue  type  where  longitudinal 
continuity  is  provided.  1 1'  the  longitudinal  joint  is  of  a 
different  type  then  only  the  values  for  the  outer  7  feet 
of  the  cross  section  apply. 

The  magnitude  of  the  stresses  developed  in  a  concrete 
pavement  slab  by  a  load  is  affected  by  the  type  and 
character  of  the  subgrade  as  well  as*  by  the  elastic 
properties  of  the  pavement.  The  absolute  values  of 
deflection  and  stress  shown  in  these  diagrams  apply 
only  to  the  particular  conditions  of  the  tests.  However, 
as  has  been  said  before,  the  subgrade  conditions  for  the 
tests  at  Arlington  might  well  be  considered  as  average 
and  it  is  believed  (hat  the  influence  lines  as  developed 


in  these1  tests  should  give  a  good  general  indication  of 
the  effects  of  different  types  of  loading  on  pavement 

slabs. 

MAXIMUM    STRESS    DIAGRAMS   FOR    MULTIPLE- WHEEL    LOADINGS 
DEVELOPED 

From  the  influence  lines  for  stress,  stress-variation 
curves,  similar  to  those  shown  in  figure  G  but  for  the 
particular  load  positions  desired,  were  constructed  for 
each  of  the  four  wheel  loads  of  the  two  types  of  trailer. 
These  are  shown  as  light  solid  lines  in  figure  15,  and  since 
they  are  all  longitudinal  stresses  they  may  be  combined 
as  in  the  heavy  solid  lines  to  show  the  stress  variation 
along  the  pavement  cross  section  under  the  influence  of 
the  four  loads  applied  simultaneously .  The  light  dotted 
lines  indicate  the  general  shape  of  the  enveloping  curves, 
or  maximum  stress  diagrams,  that  might  be  expected 
should  this  combination  of  loads  be  shifted  transversely 
across  the  section.  It  should  be  noted  that  the  curves 
in  this  figure  are  for  the  6-inch  uniform-tliickness 
section. 

For  the  type  of  loading  designated  as  "A"  (fig.  12) 
the  diagram  shows  that  the  interior  stress  has  a  con- 
stant value  to  within  approximately  3  feet  of  the  free 
edge  of  the  pavement,  and  that  the  maximum  edge 
stress  is  about  50  percent  greater  than  the  interior 
stress.     This  differs  but  verv  little  from  the  conditions 


December  1935 


PUBLIC    ROADS 


215 


fc-INCH    UNIFORM    SECTION 
5,000-POUND    LOAD 


9-6-9-INCH    SECTION 
5,000-POUND    LOAD 


-►-LONGITUDINAL   JOINT 

FREE    EDGE—] 

NTS 

\ 

STR 
4                3                                   1 

10               9                8 

STRESS    PO 

l. 

1 

"^ 

N. 

\ 

\ 

£>'£>  Ci     Ci    c* 


i 


STRESS    POINTS 
6  5 


FREE    EDGE 


4.  a  d  _ 
<S    <S    C  4 

a  a  .   a  a 


-o- <J ■-*> 


__ 

^, 

— f— — 

:u  ~l  ^ 

V 

/ 

^Y^ 

t ~t " "] 1 — "=* — — . |  '~—|-^ 1 — ~^f 


s\ 

' ' 

— -Z^- 

> 

s 

., 

SN 

'/- 

"" 

1 

---? 

' —  T^CTr" 

b' 

"\\ 

//^ 

^J" 

"*--^j 

izzz^ 

L^ 

^ 

"' 

/   -^- 

v 

\~A 

'                 J 

~~~-~^r  ~* 

L, 

^-"r^— -~ 

( 

/jr 

0 

i ( 

) < 

r^r"4 

- 

^1 

?_ 

^ 

y 

200 

i 1 

c          — 

; 

-±S 

\- — T_-< — '■■ " 

^^N 

,-4- 

i 

( 

> 

— 

-< 

i^ 

; 

'^ 

s 

V 

: - ^Y^^-—^ i~ ' A^-^— ~~ ~y^^— ~ — ' '  * '    '   " a '  "" 


,-- 

_^ 

— _^  t 

■^"^ 

n. 

( 

^, 

> —  ~t 

/\^ 

IE 

_,-, 

i — ^ 

,--, 

i — 

A 

^- 

~"^\\ 

1 

i 

j.  ... 

~~k 

N 

X 

r"_^_— ■ 

L— — - — ~f — 

*     "i 

1 

~j 

^N 

/     ^4 

' 

\ 

1-    "> 

v~ 5 

5-^    , 

1 6. »v— -9. »-  T 9 * •> f 

\  ^  j     ^-.— ■ -^  _l 


;   T^^t"  r     izizjzz 
i^ i        1    !    1    1    i 


■ — | '   jJ, — -"y—"^, ?•—=-'  '    "^ 9 f a 

-^ ^37-'""~'~"l'~ 

— -=*.  K1- — ■    ■ 1 " 


. 

J < 

1 m 

r"2Z3k 

I i      i 

i < 

i < 

' ' 

9 < 

^^^-^1 

: 

o-stress   in   transverse  direction        i-stress  in  longitudinal  direction 
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Figure  L5. —  Construction  of  Maximum  Stress  Diagram 
hiii  Trailer  Loadings — Outer  Wheel  of  Trailer  Near 
Free  Edge  of  Slab. 

developed  under  the  single  loading,  from  which  it 
seems  reasonable  to  conclude  that  a  section  designed  for 
balanced  stresses  under  single  or  widely  separated 
loads  would  prove  to  be  reasonably  well  balanced  under 
the  trailer  loading  '  'A.  " 

For  a  loading  of  the  type  designated  as  "B"  t lie 
stress  conditions  are  slightly  different  due  to  the  greater 
separation  and  more  uniform  distribution  of  the  loads. 
For  the  same  total  load  the  critical  stresses  are  slightly 
lower  than  they  were  for  loading  "A"  and  the  stress 
decreases  across  the  full  width  of  the  loaded  area  from 
the  edge  toward  the  center.  Again  the  maximum  or 
edge  stress  is  about  50  percent  higher  than  that  devel- 
oped in  the  interior  of  the  panel.  If  a  section  were  to  be 
designed  especially  for  this  type  of  loading,  the  analysis 
indicates  that  it  would  be  economical  to  extend  the 
edge  thickening  toward  the  center  of  the  pavement 
more  than  is  necessary  when  designing  for  conventional 
types  of  loading.  However,  it  is  indicated  again  that 
a  pavement  balanced  for  single  loadings  will  also  be 
reasonably  well  balanced  for  trailer  loads  of  this  type. 

In  the  above  analysis  the  outer  load  was  centered  6 
inches  from  the  edge  of  the  pavement.  This  is  an 
extreme  condition  and  not  likely  to  be  encountered  in 
the  moving  of  very  heavy  loads.  It  is  of  interest  to 
make  a  similar  study  for  the  more  probable  condition 
of  the  center  of  the  load  group  being  coincident  with 
I  he  center  of  the  10-foot  slab  width.  ]n  making  this 
analysis  the  9-6-9  thickened-cdge  section  (sec.  5)  was 
used,  since  this  is  a  fairly  well-balanced  section  and  one 
which  is  widely  used. 

The  stress  variation  curves  for  both  trailer  loadings 
on  this  section  are  shown  in  figure  IB.  These  curves 
were  developed  in  exactly  the  same  manner  as  those  in 
the  preceding  figure. 

If  appears  from  this  diagram  that  on  this  cross 
section  the  maximum  stresses  under  the  four  loads  are 
of  practically  ecpial  magnitude.  It  is  also  indicated 
Hint  at  these  four  critical  points  the  stress  developed 
by  the  multiple  loading  is  about  30  percent  greater  than 
under  the  single  load. 
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Figure  16.' — -Construction  of  Maximum  Stress  Diagram 
for  Trailer  Loadings — Center  of  Trailer  Over  Center 
Line  of  Slab  Panel. 

This  means  that  5,000-pound  wheel  loads  distributed 
in  this  manner  would  cause  critical  stresses  some  30 
percent  higher  than  would  single  or  more  widely 
separated  wheel  loads  of  the  same  magnitude. 

As  stated  at  the  beginning  of  this  discussion  of 
multiple-wheel  effects  no  direct  tests  of  such  loadings 
have  yet  been  made  nor  have  the  relations  between 
stresses  developed  under  an  8-inch  diameter  circular 
bearing  block  and  those  under  various  types  and  sizes 
of  motor-vehicle  tires  been  established.  For  these 
reasons  the  data  should  not  be  extended  too  far  and  t  he 
analysis  should  be  considered  indicative  rather  than 
conclusive. 

There  is  another  factor  involved  in  an  evaluation  of 
multiple-wheel  loading  concerning  which  no  data  are 
available.  When  a  single  load  is  placed  on  a  pavement 
slab  and  a  certain  maximum  stress  is  developed,  this 
maximum  stress  extends  over  a  distance  approximately 
equal  to  the  diameter  of  the  bearing  area  and  then  dimin- 
ishes rapidly.  For  trailer  loadings  of  the  type  described 
the  maximum  stress  value  obtains  over  a  much  greater 
percentage  of  the  pavement  width,  and  whether  or  not 
for  a  given  stress  value  its  effect  on  the  slab  is  more  severe 
has  not  been  established. 

In  the  preceding  paper  the  importance  of  the  stresses 
caused  by  restrained  warping  was  pointed  out.  If  heavy 
loads  are  to  be  moved  on  trailers  having  closely  spaced 
wheels,  consideration  should  be  given  to  the  possibility 
of  over-stressing  the  pavement  through  a  combination  of 
warping  stresses  and  load  stresses.  It  may  be  desirable 
to  confine  the  movement  of  certain  types  of  heavy  vehi- 
cles to  those  parts  of  the  day  when  warping  stresses  are 
lowest,  i.  e.,  at  night  or  in  the  early  morning. 

CRITICAL  STRESSES  RESULTING  FROM  LOAD  NOT  GREATLY 
AFFECTED  BY  SLAB  WARPING 

In  the  first  part  of  this  paper  attention  was  called  to 
certain  effects  of  temperature  that  may  influence  the 
load-stress  relation  in  concrete  pavements,  and  it  was 
stated  that  in  this  investigation' consideration  was  given 
to  the  following: 

f .  The  effect- of  the  condition  of  warping  on  the  stresses 
caused  by  applied  loads. 

2.  The  effect  of  the  changes  in  the  supporting  power 
of  the  subgrade  caused  by  freezing  and  thawing  or  by 
other  causes. 
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3.  The  stresses  caused  by  variations  in  the  tempera- 
ture of  the  pavement. 

In  the  following  paragraphs  the  significance  of  the 
data  obtained  with  respect  to  the  design  of  the  cross 
section  will  be  discussed. 

One  of  the  important  effects  of  temperature  changes 
on  a  concrete  pavement  is  that  temperature  differen- 
tials are  developed  which  cause  marked  changes  in  the 
shape  of  the  slab.  Since  this  results  in  a  modification 
of  the  condition  of  support,  it  affects  the  magnitude  of 
the  stresses  caused  by  a  given  applied  load,  as  was 
brought  out  in  part  2  of  this  series  of  papers. 

In  studying  the  design  of  a  pavement  cross  section 
some  consideration  should  be  given  to  the  changes  in 
the  load-stress  relation  caused  by  slab  warping  in  order 
to  determine  what  correction,  if  any,  should  be  applied 
to  basic  data  obtained  from  pavement  sections  tested  in 
a  flat  or  unwarped  condition. 

A  study  was  made  of  the  effect  of  both  upward  and 
downward  warping  on  the  load-stress  relation  and 
these  data  were  presented  and  analyzed  in  part  2.  It 
was  shown  that  the  effect  of  slab  warping  on  the  magni- 
tude of  the  stresses  caused  by  load  was  negligible  in  the 
interior  portion  of  the  slab  panel.  In  figure  35  of  part  2 
it  was  shown  that: 

1.  Maximum  downward  warping  reduced  the  critical 
stresses  caused  by  load  at  the  edge  of  the  pavement  by 
about  6  percent  in  the  7-inch  slab  (sec.  9)  and  about  2 
percent  in  the  9-inch  slab  (sec.  6). 

2.  Maximum  upward  warping  increased  the  critical 
stresses  caused  by  load  at  the  edge  of  the  pavement  by 
about  8  percent  in  the  7-inch  slab  and  about  20  percent 
in  the  9-ineh-slab. 

From  these  data  it  would  be  concluded  that  it  is  not 
necessary  to  make  any  correction  to  the  load-stress  rela- 
tion at  the  interior  of  the  section,  but  that  small  adjust- 
ments of  the  critical  stresses  at  the  outer  end  of  the 
cross  section  may  be  desirable  to  compensate  for  the 
effects  of  slab  warping. 

FREEZING  AND  THAWING  OF  THE  SUBGKADE  PRODUCES 
CONSIDERABLE  EFFECT  ON  STRESSES 

In  part  2  there  was  included  a  description  of  certain 
load  tests  conducted  during  a  period  of  freezing  and 
thawing  of  the  subgrade  and  a  rather  full  discussion  of 
the  effect  of  the  condition  of  the  subgrade  on  the  load- 
stress  relation  was  given.  This  is  a  matter  having 
possible  bearing  on  the  design  of  pavement  cross  sec- 
tions and  it  is  pertinent  to  reexamine  the  data  with  this 
in  mind. 

It  will  be  recalled  that  at  the  time  of  these  particular 
tests  the  subgrade  was  at  first  frozen  solidly  to  a.  depth 
of  2U  inches  under  the  pavement  and  to  a  depth  of  7 
inches  below  the  surface  of  the  earth  shoulder,  and  that 
later  it  thawed  rapidly  until  near  the  surface  it  became 
very  wet  and  completely  plastic.  During  the  time  that 
the  earth  was  frozen,  the  pavement  sections  were  dis- 
placed upward  or  heaved  about  one-half  inch. 

The  conditions  of  pavement  support  are  probably 
more  uncertain  during  the  period  immediately  follow- 
ing a,  thawing  of  the  subgrade  than  at  any  other  time. 
For  this  reason  stress  data  obtained  after  a  thaw  are  of 
more  importance  than  those  obtained  with  the  sub- 
grade,  in  the  frozen  state. 

Figure  17  shows  the  maximum  stress  diagram  for 
section  5  (9-6-9  cross  section)  under  a  7, 000-pound 
load  with  the  subgrade  in  a  softened  condition  imme- 
diately after  a  thaw.  The  values  shown  arc  the  aver- 
ages of  two  sets  of  strain  measurements. 
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Figure  17. —Maximum  Stress  Diagram  for  One  of  the 
Test  Sections  With  the  Subgrade  in  a  Softened  Con- 
dition  Immediately   After   a  Thaw. 

The  maximum  stresses  at  the  various  points  in  the 
interior  of  the  slab  are  much  less  uniform  than  they 
were  found  to  be  with  the  subgrade  in  its  normal  con- 
dition. (See  fig.  8.)  The  lack  of  uniformity  in  the 
stresses  is  probably  the  reflection  of  a  similar  lack  of 
uniformity  in  the  physical  condition  of  the  subgrade. 
Also  the  stresses  for  a  7,000-pound  load  (fig.  17)  arc  of 
approximately  the  same  magnitude  as  those  shown  for 
the  8,000-pound  load  (fig.  8). 

It  will  be  noted  that  the  curve  showing  the  variation 
of  maximum  stress  across  the  section  has  been  drawn 
through  the  maximum  stress  values  rather  than  as  an 
average  of  all  the  values.  This  was  done  deliberately 
so  that  the  relation  between  edge  and  interior  stresses 
as  shown  by  the  diagram  for  the  condition  of  a  thawing 
subgrade  would  represent  the  most  critical  value  devel- 
oped by  these  tests.  As  the  curve  is  drawn  the  maxi- 
mum edge  stress  is  approximately  25  percent  above 
the  value  of  the  maximum  stress  at  the  interior.  This 
is  practically  the  same  relation  as  was  found  in  other 
tests  during  the  winter  months  when  the  subgrade  is 
wet,  so  it  appears  that,  for  this  section  at  least,  it 
might  safely  be  assumed  to  be  representative  of  winter 
conditions.  For  the  remainder  of  the  year  the  relation 
between  edge  and  interior  stress  is  as  shown  in  figure  8. 

combined  load  and  temperature  warping  stresses 
discussed 

When  the  temperature  of  the  pavement  changes  two 
effects  are  produced.  First,  there  is  a  change  in  the 
average  temperature  of  the  concrete;  and  second,  there 
is  almost  certain  to  be  a  change  in  the  relation  between 
the  temperatures  of  the  upper  and  lower  surfaces  of  the 
slab. 

The  first  effect  changes  the  dimensions  of  the  slab  and, 
because  there  is  a  resistance  to  horizontal  movement 
developed  in  the  earth  of  the  subgrade,  direct  tensile 
or  compressive  stresses  (depending  upon  the  direction 
of  movement)  are  created,  which  attain  their  maximum 
value  in  the  mid-section  of  the.  slab.  The  unit  stresses 
developed  in  this  manner  are  normally  of  the  same  mag- 
nitude across  the  entire  width  of  any  given  section  and 
for  this  reason  do  not  enter  as  a,  factor  in  the  design  of 
i  he  cross  section.  Their  principal  influence  is  a  general 
increase  or  decrease  in  the  amount  of  stress  resistance 
that  is  available  for  carrying  wheel  loads. 

The  stresses  developed  as  a  result  of  restrained  warp- 
ing under  the  action  of  a  temperature  differential  (the 
second  effect  mentioned  above)  are  of  more  importance 
than  the  direct  stresses  described  in  the  preceding  par- 
agraph, because  at  certain  times  they  may  be  of  con- 
siderably greater  magnitude,  but  more  particularly 
because  they  vary  in  magnitude  from  point  to  point 
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-Arrangement  of  Recording  Strain  Gages  and  Thermocouple  Equipment  for  Studying  the  Stresses 
Caused  by  Restrained  Temperature  Warping. 
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NOTE     DOUBLE    HATCHED  AREA    SHOWS    THE    SMALL     RE  DUCT  ION  APPLIED  TO  THE 
OBSERVED   LOAD   STRESS  VALUES  TO  CORRECT  FOR  THE  EFFECT  OF  WARPING 

Figure  19.— Maximum  Stress  Diagrams  for  Combined  Load 
and  Warping  Stresses  v<<n  Two  Typical  Cross  Sections. 
The  Double-Hatched  Area  Shows  the  Small  Reduction 
Applied  to  the  Observed  Load  Stress  Values  to  Cor- 
rect for  the  Effect  of  Warping. 


across  a  given  section.  It  is  desirable,  therefore,  to 
examine  these  stresses  as  they  combine  with  the  stresses 
caused  by  applied  loads  in  order  to  determine  their 
influence  on  the  design  of  the  cross  section. 

The  stresses  resulting  from  restrained  warping  were 
not  determined  for  all  of  the  test  sections,  but  the  data 
for  one  constant-thickness  section  and  one  of  the 
thickened -edge  sections  will  be  given  as  typical  ex- 
amples. The  two  sections  selected  were  the  6-inch 
constant-thickness  section  (sec.  10)  and  the  9-6-9 
thickened-edge  section  (sec.  5).  The  technique  em- 
ployed in  these  tests  has  been  described  in  part  2  and  a 
typical  installation  of  the  apparatus  isshown  in  figure  18. 

Figure  19  shows  the  maximum  stress  diagrams  for 
these  two  sections  and  the  stress  values  shown  are  the 
result  of  restrained  warping  and  applied  load  combined. 

The  load  stresses  are  those  shown  in  figure  8,  while 
the  warping  stresses  are  average  maximum  values  as 
determined  by  measurement  during  the  spring  and 
summer  months  when  the  temperature  warping  is  at  a 
maximum,  as  shown  in  figure  35  of  part  2. 

It  was  not  possible  to  measure  the  warping  stresses 
on  the  sections  having  thickened  edges  in  the  usual 
manner,  due  to  the  difficulty  of  measuring  the  change 
in  length  which  should  occur  in  the  interior  of  the  slab 
for  the  condition  of  free  warping.  It  is  probable, 
however,  that  the  warping  stresses  for  the  9-6-9 
section  approximate  in  magnitude  those  of  the  6-inch 
uniform-thickness  section  except  in  the  vicinity  of  the 
edges.  It  was  shown  in  part  2  that  the  average  warp- 
ing stresses  at  the  edge  of  the  9-6-9  section  are  approx- 
imately 30  percent  above  those  at  the  edges  of  the 
6-inch  section  of  constant  thickness,  and  this  relation 
has  been  used  to  establish  the  warping  stress  at  the  edge 
of  the  9-6-9  section  in  figure  19. 

Since  the  load  stresses  near  the  edge  are  reduced 
slightly  by  the  same  downward  warping  of  the  edges 
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that  produces  the  critical  warping  stresses,  a  slight 
correction  has  been  applied  to  the  load  stress  values 
in  this  diagram.  The  correction  was  made  in  accord- 
ance with  the  experimental  data  on  this  point  previ- 
ously referred  to. 

The  curves  in  figure  f9  for  the  maximum  combined 
stress  across  the  two  typical  pavement  sections  show 
a  very  uniform  stress  condition  throughout  the  interior 
area  of  both  sections.  Since  the  interior  of  both  of 
these  sections  is  of  constant  thickness,  it  is  indicated 
that  for  a  balanced  cross  section  the  interior  of  the  slab 
should  be  of  a  constant  thickness.  This  was  shown  to 
be  the  requirement  when  only  the  stresses  developed 
by  applied  loads  were  considered.  The  shape  of  the 
interior  portion  of  the  cross  section  is  the  same,  there- 
fore, whether  determined  by  load  stresses  alone  or  by 
combined  stresses. 

Referring  to  the  diagram  for  the  6-inch  constant- 
thickness  section  in  figure  19,  it  will  be  seen  that  the 
combined  stress  at  the  edge  is  about  90  pounds  per 
square  inch,  or  15  percent  above  that  in  the  interior. 
This  compares  with  an  increase  of  165  pounds  per 
square  inch  or  60  percent  where  load  stresses  only  are 
considered  (see  fig.  8),  and  the  comparison  indicates 
that  when  the  combination  of  the  stresses  from  re- 
strained warping  and  from  applied  loads  is  considered, 
the  pavement  of  constant  thickness  is  more  nearly 
balanced  than  it  is  for  the  stresses  from  applied  load 
alone.  In  order  to  balance  the  combined  stresses  for 
this  section  it  would  be  necessary  to  reduce  the  edge 
stresses  by  slightly  more  than  one  half  of  the  amount 
that  would  be  necessary  to  balance  the  load  stresses  only . 

For  the  9-6-9  section,  the  diagram  in  figure  19 
shows  that  combined  stress  at  the  edge  of  the  pavement 
is  about  <S5  pounds  per  square  inch  or  13  percent  above 
the  interior  stress.  This  is  practically  the  same  rela- 
tion as  was  found  to  exist  in  the  slab  of  constant  thick- 
ness and  indicates  that  so  far  as  maximum  combined 
stresses  across  a  mid-slab  section  are  concerned,  the 
9-6-9  section  is  no  better  balanced  than  the  section  of 
constant  thickness.  This  somewhat  startling  result  is 
explained  by  the  fact  that  the  increase  in  the  warping 
stress  at  the  edge  of  the  thickened-edge  slab,  caused  by 
the  increased  temperature  differential  which  results 
from  the  greater  depth,  is  approximately  equal  to  the 
reduction  in  load  stress  at  this  point  accomplished  by 
the  increased  edge  thickness. 

SHORT  SLAB  LENGTHS  NEEDED  TO   MINIMIZE  STRESSES  CAUSED 
BY  TEMPERATURE  WARPING 

It  has  been  shown,  during  the  discussion  of  warping 
stresses  in  part  2,  that  the  magnitude  of  the  critical 
warping  stress  that  most  directly  affects  the  load 
capacity  of  the  pavement  is  a  function  of  slab  length. 
The  data  show  that  in  a  slab  length  of  10  feet  the 
maximum  warping  stresses  are  small  but  that  they 
increase  with  length  until  the  length  is  such  that 
complete  restraint  to  warping  exists  in  the  interior  of 
the  slab.  The  length  necessary  for  complete  restraint 
in  slabs  of  different  thicknesses  has  not  been  deter- 
mined in  this  investigation.  It  is  indicated  thai 
practically  complete  restraint  is  developed  by  a  20-foot 
length  in  a  slab  of  6-inch  constant  thickness,  and  also 
that  this  length  in  a  9-6-9  thickened-edge  section  is 
not  sufficient  to  develop  full  restraint  at  the  mid-length 
of  the  panel. 

Because  of  the  effect  of  slab  length,  it  is  apparent 
that  the  analysis  of  combined  stresses  given  above  can 
be  applied  exactly  only  to  slab  lengths  of  20  feet. 


It  is  not  known  whether  the  stresses  caused  by  load 
in  the  test  sections  are  larger  or  smaller  than  those 
developed  in  actual  pavements  by  traffic,  so  that  l  lie 
comparison  between  the  combined  stresses  observed 
in  the  test  sections  and  the  combined  stresses  that  occur 
in  pavement  slabs  in  service  is  not  certain.  It  is 
apparent,  however,  that  in  pavement  slahs  as  (hey  arc 
designed  today  the  factor  of  safety  against  breaking 
must  be  very  small  at  times  when  conditions  are  such 
as  to  produce  high  warping  stresses.  The  relatively 
frequent  transverse  cracking  in  our  more  heavily 
traveled  concrete  pavements  is  also  an  indication  that 
the  combined  stresses  in  them  often  exceed  the  llexural 
strength  of  the  concrete. 

At  first  thought  one  might  expect  immediate  crack- 
ing when  the  combined  stresses  exceeded  the  strength 
of  the  concrete,  and  this  would  probably  occur  if  the 
high  stresses  extended  completely  across  the  slab. 
When  the  critical  stress  is  higidy  localized,  as  it  appears 
to  be  under  an  isolated  load,  a  single  application  of  an 
excessive  stress  may  produce  no  immediate  effect.  \n 
cases  where  load  stresses  are  responsible  either  wholly 
or  in  part  for  the  cracking  of  a  pavement,  it  is  hut 
natural  to  expect  the  transverse  cracking  to  develop 
gradually  and  to  continue  over  a  period  of  years. 

Consider,  for  example,  the  case  of  a  heavy  wheel  load 
moving  longitudinally  on  the  pavement  at  a  time  when 
high  warping  stresses  are  present  in  the  slab.  Being  of 
the  same  sense  in  the  mid-section  of  the  slab,  the 
stresses  combine  and  may  exceed  the  ultimate  llexural 
strength  of  the  concrete.  These  tests  indicate  that 
the  high  combined  stress  will  be  found  to  exist  only  for 
a  very  short  distance  directly  under  each  wheel.  The 
remainder  of  the  cross  section  will  not  be  overstressed. 
It  is  not  probable  that  such  a.  stress  condition  would 
cause  a  full-length  transverse  crack  immediately,  but 
it  is  reasonable  to  believe  that  a  great  many  repetitions 
of  the  condition  would  cause  such  a  crack. 

If  the  length  and  width  of  a  pavement  slab  were 
equal,  the  warping  stresses  would  be  the  same  in  the 
two  directions  and  it  would  be  reasonable  to  expect 
the  added  stress  caused  by  wheel  loads  to  cause  longi- 
tudinal cracking  to  precede  transverse  clacking,  be- 
cause the  wheel  load  traverses  the  complete  length  of 
the  slab,  stressing  every  point  in  the  longitudinal  sec- 
tion, yet  this  wheel  stresses  to  the  same  degree  only  a 
comparatively  small  part  of  any  traverse  section.  This 
may  explain  the  early  appearance  of  longitudinal 
cracks  in  some  of  the  older  pavements  that  were  built 
without  a  longitudinal  joint. 

In  concrete  slabs  where  the  combination  of  the  length, 
depth,  and  flexural  strength  are  such  that  warping 
stresses  alone  may  cause  the  slab  to  crack,  it  is  to  be 
expected  that  such  cracks  will  develop  suddenly,  since  the 
high  stress  condition  extends  over  the  entire  cross  section. 

SHORT  SLABS  MAY  BE  DESIGNED  ON  THE  BASIS  OK  LOAD  STRESSES 

ALONE 

Before  proceeding  with  a  discussion  of  (he  applica- 
tion of  the  results  of  the  investigation  to  the  design  of  a 
pavement  cross  section,  it  may  be  well  to  review  briefly 
some  of  the  points  developed  in  parts  1  and  2. 

It  has  been  demonstrated  conclusively  that  varia- 
tions in  the  temperature  of  the  concrete  in  the  pave- 
ment slab  frequently  cause  la  rue  stresses  in  certain 
parts  of  the  slab.  These  stresses  combine  with  those 
caused  by  applied  loads,  and  the  pavement  design,  to 
be  adequate,  must  be  based  upon  combined  stresses 
rather  than  upon  load  stresses  alone. 
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It  will  be  recalled  thai  loads  were  applied  with  the 
test  sections  in  the  flat  condition  and  in  the  warped 
condition  and  that  tests  were  made  when  the  subgrade 
was  in  its  normal  condition  of  moisture  and  also  at  a 
time  of  excessive  moisture  immediately  after  a  thaw. 
Data  were  presented  to  show  the  influence  of  concrete 
temperature  on  (1)  the  direct  stresses  resulting  from 
the  resistance  offered  by  the  subgrade  to  horizontal 
slab  movement,  and  (2)  the  bending  stresses  caused  by 
rest  raint  to  free  warping  which  exist  in  practically  every 
part  of  the  slab. 

Since  the  magnitude  of  the  stresses  caused  by  a 
given  applied  load  is  affected  by  the  warping  of  the 
slab  to  a  certain  degree  at  the  edge  of  the  slab  and  to  a 
different  degree  at  the  interior,  it  is  evident  that  this 
is  a  factor  that  must  be  considered. 

It  was  shown  in  figure.  17  that  the  relation  between 
edge  and  interior  stresses  is  practically  the  same  during 
the  very  wet  conditions  that  prevail  immediately  after 
a  thaw  as  during  the  balance  of  the  winter.  Many  of 
the  tests  that  supplied  the  data,  for  the  maximum  stress 
diagrams  were  conducted  during  normal  winter  condi- 
tions. It  is  believed  to  be  unnecessary,  therefore,  to 
make  an  allowance  for  subgrade  condition  in  setting  the 
ratio  of  edge  to  interior  thickness. 

The  usual  assumption  concerning  the  direct  stresses 
of  tension  or  compression,  caused  by  the  resistance  to 
horizontal  movement  offered  by  the  subgrade,  is  that 
they  are  uniform  over  the  full  cross  section  of  a  slab  of 
constant  thickness.  It  is  probable  that  the  same  as- 
sumption could  be  applied  to  the  thickened-edge  sec- 
tions of  this  investigation  with  no  great  error.  If  this 
is  assumed  to  be  the  case,  the  stresses  referred  to  will 
not  affect  the  shape  of  the  cross  section. 

The  effect  of  closely  grouped  wheel  loads  was  investi- 
gated to  a  limited  extent,  and  the  maximum  stress  dia- 
grams which  were  developed  indicate  that  the  shapes  of 
the  load-stress  curves  for  the  multiple  loads  are  approxi- 
mately the  same  as  for  single  loads.  This  leads  to  the 
tentative  conclusion  that  a  cross  section  designed  for 
single  loadings  will  not  need  to  be  modified  because  of 
multiple  loadings  of  the  type  described. 

In  order  to  design  a  cross  section  from  the  maximum 
stress  diagrams  shown  in  figure  19  it  will  be  necessary  to 
make  allowance  for  the  following: 

f.  The  effect  of  the  condition  of  warping  on  the 
stresses  caused  by  loads  applied  along  the  cross  section 
of  the  slab. 

2.  The  stresses  caused  by  the  restrained  warping  re- 
sulting from  temperature  differentials  within  the  slab. 

The  stresses  caused  by  restrained  warping  are  de- 
pendent in  magnitude  upon  the  length  and  the  thick- 
ness of  the  pavement  slab  and  this  must  be  considered 
in  a  discussion  of  the  design  of  the  cross  section.  It 
was  shown  in  table  5  of  part  2  that  if  the  length  of  slabs 
of  the  usual  pavement  thicknesses  is  reduced  to  approxi- 
mately 10  feet,  the  maximum  stresses  caused  by  re- 
strained warping  are  quite  small.  The  difference 
between  the  warping  stress  at  the  edge  and  that  at  the 
interior  points  is  reduced  to  such  an  extent  as  to  be  un- 
important in  its  effect  upon  the  design  of  the  cross 
section.  If  a  pavement  slab  were  to  be  deliberately 
designed  with  a  length  of  10  feet,  it  would  be  sufficient 
to  design  the  cross  section  on  the  basis  of  load  stresses 
alone. 

The  maximum  stress  diagrams  shown  in  figures  S 
and  9  will  be  used  to  design  a  balanced  pavement  cross 
section  with  the  slab  length  limited  to  10  feet.  The 
principal  decisions  to  be  made  are: 


1.  What  should  be  the  shape  of  the  interior  portion 
of  the  cross  section? 

2.  What  should  be  the  relation  between  the  depth  of 
the  slab  at  the  interior  where  the  conditions  of  support 
are  most  favorable  and  the  depth  at  the  free  edge 
where  they  are  the  least  favorable? 

3.  What  should  be  the  shape  of  the  cross  section 
near  the  free  edge? 

It  is  definitely  indicated  by  all  of  the  data  and  shown 
more  clearly  by  the  average  curve  for  the  four  constant- 
thickness  sections  that,  except  in  the  immediate  vicinity 
of  the  slab  edge,  the  pavement  slab  should  be  of  uniform 
thickness  (see  fig.  9). 

A  load  applied  at  an  unsupported  edge  causes  a 
maximum  stress  considerably  higher  than  that  produced 
by  the  same  load  placed  at  interior  points  of  the  slab. 
Designing  for  balanced  load  stresses  therefore  requires 
a  strengthening  of  free  slab  edges.  The  degree  of 
thickening  required  for  this  strengthening  can  be  deter- 
mined from  figure  10,  which  indicates  that  the  depth 
of  the  slab  at  the  free  edge  should  be  one  and  two-thirds 
times  the  depth  in  the  interior  region.  As  mentioned 
before,  this  ratio  applies  only  to  cross  sections  in  which 
the  additional  or  edge  thickening  is  reduced  to  zero 
approximately  uniformly  between  the  edge  and  a  point 
a  short  distance  from  the  edge. 

The  distance  in  which  this  reduction  of  edge  thick- 
ness should  be  accomplished  is  determined  by  the  varia- 
tion in  the  stresses  in  the  longitudinal  direction  since 
these  are  the  critical  load  stresses  in  the  vicinity  of  the 
edge.  The  average  curve  for  stress  for  the  four  con- 
stant-thickness sections  (see  fig.  9)  shows  that  the 
interior  stress  is  practically  uniform  from  the  center 
out  to  a  point  approximately  2){  feet  from  the  edge, 
and  indicates  that  for  this  area  no  additional  depth 
would  be  required.  The  data  also  indicate  that  the 
effect  of  the  thickened  edge  on  the  maximum  stress  from 
load  is  felt  even  beyond  the  point  at  which  the  thicken- 
ing ends.  Considering  the  stress  diagrams  lor  all  of 
the  sections,  it  seems  reasonable  to  conclude  that  the 
edge  thickening  need  not  extend  more  than  approxi- 
mately 2  feet  from  the  edge.  Again  this  applies  only 
to  the  type  of  cross  section  in  which  the  edge  thickness 
is  reduced  to  the  interior  thickness  at  an  essentially 
uniform  rate,  as  in  section  5.  Wlnle  the  data  obtained 
with  the  test  sections  of  this  type  indicate  that  this  is 
probably  the  minimum  distance  over  which  the  edge 
thickening  should  be  reduced,  as  a  practical  matter  in 
shaping  the  subgrade  the  tendency  will  be  to  increase 
rather  than  decrease  this  dimension.  In  balancing  the 
cross  section  for  load,  it  is  probably  permissible  to 
adopt  the  minimum  distance,  or  2  feet,  as  this  dimen- 
sion. 

TEST   RESULTS   APPLIED   TO   THE   DESIGN   OF  A   BALANCED   (ROSS 

SECTION 

It  is  not  to  he  expected  that  the  data,  from  field  tests, 
no  matter  how  carefully  the  tests  were  conducted, 
would  justify  fine  distinctions  as  to  the  shape  of  the 
miss  section  where  the  edge  thickening  is  introduced. 
The  data,  indicate  quite  definitely  that  the  desired 
balance  of  stresses  is  accomplished  to  a  satisfactory 
degree  by  a  cross  section  in  which  the  increase  in  slab 
thickness  is  developed  at  a  uniform  rate  as  the  edge  is 
approached,  as  in  sections  1,  2,  ami  5.  None  of  these 
three  sections  had  an  edge  depth  sufficient  to  balance 
fully  the  load  stresses,  yet  the  advantage  of  this  type  of 
edge,  thickening  over  that  provided  in  sections  3  and  4 
is  readily  apparent  in  the  maximum  stress  diagrams. 
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The  pavement  cross  section  shown  in  figure  20  has 
been  designed  in  accordance  with  the  principles  devel- 
oped by  this  investigation,  and  it  represents  a  seel  ion 
that  is  completely  balanced  so  far  as  the  stresses  from 
applied  loads  are  concerned.  The  interior  of  the  cross 
section  is  of  constant  depth  and  the  relation  between 
this  depth  and  that  at  the  extreme  edge  is  3  :  .r>  and  is 
constant  for  the  usual  range  of  pavement  thicknesses. 
The  difference  between  the  depth  at  the  edge  and  that 
at  the  interior  is  reduced  to  zero  in  a  distance  of  2  feet. 

It  is  apparent  that  the  design  based  on  these  prin- 
ciples is  not  radically  different  from  that  used  by  a  num- 
ber of  States  today.  However,  attention  is  called  to 
the  fact  that  this  design  does  not  take  into  account 
temperature  stresses  and  for  this  reason  can  be  effec- 
tive only  when  conditions  are  such  that  large  tem- 
perature stresses  will  not  develop.  ( 'lima  t  ic  conditions 
so  constant  as  to  accomplish  this  are  rare  indeed,  but 
as  mentioned  previously,  a  very  large  reduction  in  the 
magnitude  of  the  critical  temperature  stresses  can  be 
obtained  by  using  short  slabs. 

It  is  indicated  by  the  data  presented  in  part  2  that 
even  with  a  10-foot  slab  length  the  maximum  stresses 
caused  by  restrained  warping  are  greater  in  magnitude 
than  the  increase  in  load  stress  caused  by  now  aid 
warping  of  the  edges  of  the  pavement.  Therefore, 
the  critical  combined  stresses  to  be  considered  in  the 
design  of  the  cross  sections  are  those  occuring  during 
the  daytime  when  the  edges  of  the  slab  are  warped 
downward. 

It  was  assumed  earlier  that  the  small  difference  be- 
tween the  warping  stresses  at  the  edge  and  those  at  the 
interior  of  a  10-foot  slab  would  not  cause  the  relation 
for  combined  stresses  to  be  materially  different  from 
that  which  obtained  for  load  stresses  alone.  In  pro- 
ceeding from  the  unwarped  condition,  for  which  the 
cross  section  shown  in  figure  20  was  designed,  to  that 
of  the  combined  stresses  of  the  warped  slab  of  the  10- 
foot  length,  it  is  only  necessary,  therefore,  to  modify 
the  load  stresses  slightly  due  to  the  effect  of  the  condi- 
tion of  downward  warping.  It  has  already  been  shown 
that  this  decrease  for  a  load  applied  at  the  edge  of  the 
7-  and  the  9-inch  sections  was  about  5  percent. 

If  the  edge  stresses  shown  in  figure  9  are  decreased 
by  5  percent,  it  is  found  that  the  edge  thickness  of  a 
balanced  slab  should  be  approximately  1.6  times  the 
interior  thickness  instead  of  1.66  as  was  indicated  for 
the  unwarped  slab  condition.  This  is  a  small  difference 
and  is  perhaps  beyond  the  accuracy  of  this  method  for 
determining  the  relation  between  edge  and  interior 
thickness.  The  data  do  lead  definitely  to  the  conclu- 
sion that  in  slab  lengths  of  approximately  10  feet  a 
balanced  design  requires  a  maximum  edge  thickness 
that  is  slightly  more  than  one  and  one-half  times  the 
interior  thickness. 
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Figure   20. — Slab   Panel  Cross-Section   Completely 
Balanced   fob    Load  Stresses. 

Increasing  either  slab  length  or  pavement  thickness 
increases  the  warping  stress  up  to  the  point  at,  which 
the  length  for  a  given  thickness  is  such  that  complete 
restraint  to  warping  exists  in  the  center  of  the  slab. 
For  this  reason,  increasing  the  edge  thickness  of  a  lone,- 
slab  may  not  increase  the  load-carrying  capacity  of  the 
slab  edge  as  much  as  would  be  expected.  As  shown  in 
the  maximum  stress  diagrams  for  combined  stress  in 
the  two  20-foot  slabs  of  figure  19,  the  benefits  derived 
from  the  thickened  edge  from  the  load-stress  standpoint 
are  practically  offset  in  the  20-foot  section  by  the 
increased  warping  stresses  which  unavoidably  result. 
It  is  conceivable  that  there  may  be  cases  of  slabs  so 
long  that  complete  restraint  to  warping  is  developed 
in  which  the  thickening  of  the  slab  edge  may  actually 
lower  the  load-carrying  ability  of  the  edge. 

It  may  seem  from  the  above  discussion  that  the 
thickening  of  slab  edges  should  be  eliminated  in  slabs 
with  lengths  of  20  feet  or  more.  So  far  as  strengthen- 
ing the  edge  in  the  mid-length  of  the  slab  this  is  prob- 
ably true.  The  high  combined  stresses  in  long  slabs 
that  carry  heavy  loads  eventually  lead  to  transverse 
cracking  which  shortens  the  slab  length  and  thus 
reduces  the  warping  stresses  and  consequently  the 
combined  stresses  at  the  edges  of  the  slab. 

While  the  design  of  slab  corners  is  not  discussed  in 
this  paper,  edge  thickening  is  so  intimately  connected 
with  corner  design  that  some  mention  of  the  effect  of 
edge  thickening  on  the  stress  conditions  in  the  region 
adjacent  to  the  slab  corner  should  be  included.  Thick- 
ening the  edges  of  a  pavement  slab  does  not  increase 
the  combined  stresses  in  the  corner  because  the  critical 
warping  stresses  are  opposite  in  sense  to  those  caused 
by  load.  Edge  thickening  is  effective  therefore  in 
reducing  the  combined  stresses  at  the  corner. 

This  study  leads  inevitably  to  the  conclusion  that  a 
condition  of  balanced  stressesin  a  pavement  cross  section 
is  possible  only  when  the  critical  stresses  arising  from 
restraint  to  warping  are  definitely  limited  to  low  values. 
The  most  practical  method  of  insuring  this  seems  to  be 
through  the  construction  of  short  pavement  slabs. 
Application  of  this  conclusion  to  the  design  of  pavement 
dabs  involves  considerations  other  than  those  discussed 
in  this  report  but  necessary  to  the  forming  of  a  correct 
judgment  as  to  whether  or  not  a,  completely  balanced 
design  should  be  used  or  how  closely  it  should  be 
approached. 
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DIGEST  OF  REPORT  ON  CONNECTICUT 

TRAFFIC  SURVEY 

Reported  by  L.  E.  PEABODY,  Senior  Highway  Economist,  Division  of  Highway  Transport.  Bureau  of  Public  Roads 


THE  Connecticut  traffic  survey  was  conducted  under 
a  cooperative  agreement  between  the  Bureau  of 
Public  Roads  and  the  State  Highway  Department 
of  Connecticut.1  The  survey  was  begun  October  6, 
1933,  and  was  completed  September  30,  1934. 

CONNECTICUT  IS  DENSELY  POPULATED  AND  HAS  HEAVY  TRAFFIC 
ON  ITS  HIGHWAYS 

Connecticut's  population  increased  16.4  percent 
between  the  censuses  of  1920  and  1930.  The  State  is 
one  of  four  in  winch  all  counties  had  population  in- 
creases during  these  years.  In  1930  its  population 
density  was  333.4  persons  per  square  mile,  or  more  thin 
eight  times  the  population  density  in  the  United  States 
as  a  whole. 

The  number  of  motor  vehicles  registered  in  Connecti- 
cut increased  steadily  until  1932,  the  first  year  to  show 
a  decline.  This  was  followed  by  a  smaller  decrease  in 
1933,  and  in  1934  the  losses  in  registration  in  the  2  pre- 
vious years  were  more  than  made  up  when  nearly 
358,000  motor  vehicles  were  registered,  the  greatest 
number  in  the  history  of  the  State. 

Gasoline  consumption  in  Connecticut  has  followed  an 
upward  trend  except  for  the  year  1932  when  there  was 
a  decrease  of  2.2  million  gallons,  or  1  percent.  In  1934 
the  consumption  was  almost  249  million  gallons,  an 
increase  of  239  percent  since  1922. 

Traffic  on  Connecticut  highways  is  composed  of  many 
foreign  vehicles  owing  to  the  geographical  position  of 
the  State.  Surrounded  by  the  heavily  populated 
States  of  New  York,  Massachusetts,  and  Rhode  Island, 
it  is  in  a  position  where  traffic  arteries  must  be  provided 
for  many  vehicles  originating  at  and  destined  to  points 
beyond  its  borders,  and  must  provide  as  well  for  the 
free  movement  of  its  own  vehicles.  Near  the  south- 
western extremity  of  Connecticut  is  New  York  City, 
with  a  population  of  approximately  7  million  people; 
to  the  north  is  Massachusetts  with  a  population  in 
excess  of  4  million,  of  which  nearly  1  million  are.  con- 
centrated in  the  Boston  area;  and  to  the  east  is  Rhode 
Island,  with  a  population  of  approximately  700,000. 

There  are  11,943  miles  of  highway  in  Connecticut, 
exclusive  of  city  streets.  The  State  highway  system 
covers  a  total  of  2,206  miles,  of  which  1,019  miles  are  also 
on  the  Federal-aid  system.  All  trunk-line  and  State-aid 
roads,  which  compose  the  State  highway  system,  are 
under  the  direct  jurisdiction  of  the  State  highway 
department;  for  the  former  the  State  pays  the  entire 
cost  of  construction,  while  for  the  latter  the  State  pays 
a  part  of  the  construction  cost.  All  other  rural  roads 
are  under  the  jurisdiction  of  the  towns. 

SELECTION    AND    OPERATION    OF    SURVEY    STATIONS    DESCRIBED 

The  traffic  survey  covered  a  major  portion  of  the 
trunk-line  system  and  a  number  of  State-aid  roads. 
Survey  stations  were  situated  only  on  State  or  United 
States  routes,  but,  where  intersecting  town  roads  or 
city  streets  could  be  covered  along  with  the  principal 

1  The  full  report  prepared  by  the  Bureau  has  been  submitted  to  the  Connecticut 
highway  department  and  will  not  be  published  or  distributed  by  the  Bureau  of 
Public  Roads. 


route,  traffic  data  for  such  were  included  in  the  final 
tabulations. 

Recording  stations  were  located  at  156  strategic 
traffic  control  points  throughout  the  State  where 
traffic  density  counts  were  obtained  on  the  average 
more  than  once  a  month.  The  locations  of  these  sta- 
tions are  shown  in  figure  1.  The  positions  of  all  survey 
stations  were  selected  in  advance  of  field  operations  by 
the  State  highway  department  in  cooperation  with  a 
representative  of  the  Bureau  of  Public  Roads.  Each 
station  location  was  assigned  a  number  by  which  it  may 
be  identified  in  this  report. 

Vehicles  were  recorded  at  all  stations  as  either  Con- 
necticut or  foreign  and  as  passenger  cars,  trucks,  and 
busses.  Traffic  counts  were  made  at  each  station  for 
a  continuous  8-hour  period  on  a  staggered-hour  plan 
alternating  from  6  a.  m.  to  2  p.  m.  and  from  2  p.  m. 
to  10  p.  m.  in  accordance  with  a  schedule  covering  a 
full  year's  work.  Sufficient  counts  were  made  from  10 
p.  m.  to  6  a.  m.  to  adjust  all  records  to  a  24-hour  day, 
and  the  data  are  presented  on  a  24-hour  basis. 

The  data  obtained  are  presented  in  the  How  diagrams, 
figures  2,  3,  4,  and  5.  Figure  2  shows  the  average 
daily  density  of  all  vehicular  traffic  by  the  inner  stippled 
band  and  the  average  maximum  traffic,  over  the  same 
section  by  the  outer  band.  At-  intermediate  points  be- 
tween or  beyond  stations  approximate  density  data,  for 
each  class  of  traffic  may  be  obtained  by  scaling  the 
particular  band  and  converting  to  the  number  of  ve- 
hicles by  settle  on  the  figure.  For  routes  having  light 
traffic  densities  it  was  impracticable  to  construct  (low 
bands,  therefore,  their  values  are  represented  by  line 
symbols. 

Figure  3  illustrates  the  average  density  of  truck 
traffic  on  the  same  sections  of  highway;  figure  4  shows 
the  average  density^of  bus  traffic;  and  figure  5  shows 
the  average,  density  of  foreign  vehicular  traffic.  For 
simplicity  only  major  cities  and  intersections  are  shown, 
and  where  a  route  has  both  a  State  and  a  United  States 
number  only  the  United  States  marking  is  given. 
Table  1  shows  the  distribution  of  the  traffic  between 
foreign  and  State  vehicles  and  according  to  classes  of 
vehicles. 


Tablk  l. 


Classification  of  traffic  by  type  of  vehicle  and  plact  of 

registration 


Passen- 
ger cars 

Trucks 

Busses  i 

Total 

Percent 
84.3 

89  7 
X5.  .i 

Perct  at 
13.  !> 

11)  .' 
13.  1 

Percent 

1.  X 

.  l 

1.4 

I ',  t,  <  a/ 

Km 

11)0 

All  vehicles  ..                         - 

1(H) 

Connecticut  vehicles.                     - 

711.3 
23.  7 

82  3 

17.7 

U9.  4 
.6 

77.4 
L«  6 

Total              .    .   

100.0 

100.  0 

100.0 

100.  0 

1  All  busses  making  regular  trips  in  State  were  required  to  carry  Connecticut  tags 
and  were  recorded  as  Connecticut  vehicles. 

An  overwhelming   proportion  of  bus  traffic   was  of 
Connecticut  registration    (99.4  percent).     This  results 
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Figure  1. — Locations  of  Traffic  Recording  Stations. 


from  a  legislative  act  that  requires  all  busses  making 
regular  trips  through  the  State  to  carry  Connecticut 
registration  tags.  The  few  busses  observed  without 
Connecticut  tags  were  principally  chartered  busses  for 
special  events  such  as  football  games,  seashore  outings, 
etc. 

U  S  1  CARRIES  HEAVIEST  TRAFFIC 

As  shown  in  figure  2,  traffic  was  heavily  concentrated 
on  the  trunk-line  highways,  especially  on  routes  such 
as  U  S  1  from  east  to  west,  and  II  S  5  and  U  S  5A  from 
north  to  south.  The  section  of  U  S  1  between  New 
Haven  and  the  New  York  State  line,  a  portion  of  the 
old  Boston  Post  Road,  carries  traffic  from  a  number  of 
routes  converging  at  New  Haven  and  serves  the  im- 
portant cities  of  Bridgeport,  Norwalk,  and  Stamford. 

Figure  G  shows  the  principal  through  routes  in  the 
State  classified  according  to  the  average  daily  density 
of  all  local  vehicular  traffic  on  each  section.  These 
values  are  based  on  counts  made  at  survey  stations 
situated  along  the  routes  and  are  grouped  in  convenient 
categories.  Symbols  used  for  each  class  are  shown  in 
the  iigure. 

Table  2  contains  data  on  the  average  daily  traffic  on 
principal  highways  throughout  the  State. 

Traffic  on  through  routes  traversing  heavily  popu- 
lated areas  exhibited  interesting  characteristics,  espe- 
cially with  regard  to  the  influence  of  local  and  through 
travel  and  the  use  of  bypass  highways.     Figure  7  shows 


traffic  densities  as  ordinates  and  the  locations  along 
U  S  1  of  large  cities  and  intersections  as  abscissas.  The 
black  area  represents  traffic  flow  on  U  S  1  and  the  stip- 
pled area  represents  traffic  on  the  bypass  road  U  S  1A. 

The  greatest  volume  of  traffic  recorded  on  this 
route  occurred  on  the  section  immediately  west  from 
New  Haven  to  the  intersection  with  State  route  158. 
This  section  had  a  daily  average  flow  of  20,929  vehicles 
throughout  the  year.  Not  only  was  traffic  on  this 
section  the  heaviest  for  II  S  1  but  also  for  all  roads 
throughout  the  State. 

In  figure  7  three  general  features  of  traffic  flow  along 
the  route  are  evident:  (1)  Traffic  west  of  New  Haven  is 
considerably  in  excess  of  that  east  of  the  city;  (2) 
bypass  roads  in  the  vicinity  of  Bridgeport  functioned 
for  the  purpose  intended,  and  the  sum  of  the  traffic 
volumes  on  the  bypass  and  the  old  road  approximated 
the  average  route  flow;  and  (3)  traffic,  densities  increased 
near  large  cities  because  of  local  traffic. 

average  daily  traffic  compared  with  average  maximum 

TRAFFIC 

The  maximum  traffic  densities  are  developed  from 
data  obtained  on  the  particular  dates  of  operation  of 
each  station  and  are  a  measure  of  the  average  maximum 
traffic.  The  term  "average  maximum  traffic"  has 
specific  reference  to  the  normal  peak  load  existing  dur- 
ing the  summer  periods  of  heavy  week-end  travel  and 
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Figure  2. — Traffic  Flow  Bands  for  Average  Daily  and  Average  Maximum  Motor- Vehicle  Traffic.     City  Boundaries 

are  Distorted  to  Allow  for  Widths  of  Traffic  Flow  Bands. 

Table  2. — Average  daily  traffic  on  selected  highways 


Description  of  highway 


Route 


US  1. 

US5 

Conn. 9.  _ 

US5A 

US1 

Conn.  65  and  8 

Conn. 32 

Conn.  10 

Conn.  12___ _ 

Conn. 15 

Conn.  83,  74,  and  15 

US6 

Conn.  9 

Conn.  199  and  101.. 

US6 

Conn.  2        _ 

Conn.  12 

Conn.  2  and  15 


Termini  and  principal  points  along  section 


New  York  State  line,  New  Haven 

New  Haven,  Meriden,  Hartford,  Massachusetts  State  line 

Hartford,  Middletown 

Hartford,  Windsor,  Massachusetts  State  line  

New  Haven,  New  London,  Rhode  Island  State  line... 

Bridgeport,  Waterbury,  Torrington 

New  London,  Norwich 

New  Haven,  Farmington 

Norwich,  Putnam,  Massachusetts  State  line 

New  Haven,  Middletown,  Junction  Conn.  2  and  Conn.  15 

South  Manchester,  Rockville,  Stafford  Springs,  Massachusetts  State  line  near 

Mashapaug. 

New  York  State  line,  Danbury,  Hartford 

Middletown,  Say  brook 

New  York  State  line,  Canaan,  Winsted,  Hartford 

Hartford,  Willimantic,  Danielson,  Rhode  Island  State  line. 

Junction  Conn.  2  and  Conn.  15,  Colchester,  Norwich,  Rhode  Island  State  line... 

New  Loudon,  Norwich _ 

Hartford,  Junction  Conn.  2  and  Conn.  15  (connecting  link  for  routes  Conn.  2  and 

Conn.  15  to  Hartford). 


Average  daily  traffic,  all  vehicles 


Passen- 
ger cars 


12, 735 
5,921 
5,238 
4,920 
4,  193 
3,306 
3,  324 
3,300 
2,774 
2,680 
2,590 

2,527 
2,  136 
2,074 
1,739 
1,527 
1,462 
4,837 


Trucks 


1,903 
947 
691 
890 
663 
656 
499 
[68 
526 
403 
3 1 9 

274 
304 
276 
303 
237 
254 
721 


Busses 


265 
154 
85 
138 
74 
40 
55 
23 
52 
47 
92 

18 
23 
23 
41 
17 
31 
106 


14,  903 
7, 022 
6,014 
5,  948 

4,  930 
4.002 
3,878 
3,791 
3,  352 
3.  130 
3,001 

2,819 

2.  11,3 
2,  373 
2,083 
1,781 
1,717 

5,  664 


Average 
daily 
traffic, 
foreign 

vehicles 


5,609 

1,841 

381 

1,806 

1,433 

368 

370 

488 

605 

828 

1,098 

809 
152 
503 
629 
251 

IS'.) 

709 


Average 

daily 

traffic, 

local 

vehicles 


9,  294 
5,  181 

5,  633 
4,  142 
3,  497 
3,  634 
3.  508 

3,  303 
2,747 

1,  903 

2,010 
2,311 
1,870 
1,454 
1,530 
1,558 

4,  955 
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Figure  3. — Traffic  Flow  Bands  for  Average  Daily  Truck  Traffic. 


should  not  be  confused  with  the  precise  peak  or  actual 
maximum  count  of  the  year.  Sunday  or  Monday  of 
the  Labor  Day  period,  and  Independence  Day  when 
occurring  on  a  Saturday  or  Monday,  are  known  to  have 
maximum  peaks  of  traffic  for  most  bighways;  however, 
a  county  fair  or  local  celebration  might  produce  the 
maximum.  The  average  maximum  traffic  throughout 
the  State  occurred  on  a  Sunday  in  August. 

At  traffic  survey  station  2,  located  at  the  junction 
of  U  S  7  and  Connecticut  35,  the  peak  volume  occurred 
on  Sunday,  October  8,  during  the  progress  of  the 
Danbury  County  Fair.  On  this  day  there  was  recorded 
on  lT  S  7,  north  from  the  station  toward  Danbury,  a 
total  of  7,180  vehicles  from  2  p.  m.  to  10  p.  m.,  when 
normally  a  traffic  density  not  to  exceed  1,800  vehicles 
would  be  the  expected  volume  for  this  period  and  season. 

The  highway  engineer  is  concerned  with  the  average 
maximum  traffic  on  any  section  of  highway  for  which 
he  must  make  improvements  within  the  limits  of 
available  funds. 

It  is  not  economical  to  design  surface  widths  and 
intersections  for  a  free  flow  of  traffic  during  those 
extreme  peaks  that  occur  once  or  twice  a  year.  At 
such  times  some  sacrifice  must  be  made  in  freedom 
of  flow  to  accommodate  the  increased  volume. 

For  those  highways  covered  by  the  survey,  as  a 
group,  the  average  maximum  traffic  was  162  percent 
of  the  average  daily  traffic.     At  one  location,  on  Con- 


necticut 61,  a  minor  route  of  very  low  traffic  density, 
a  maximum  variation  of  500  percent  was  recorded. 
In  general,  the  ratio  of  average  maximum  traffic  to 
average  daily  traffic  varied  inversely  with  the  volume 
of  the  average  daily  traffic.  Highways  of  relatively 
low  traffic  volume  had  a  high  ratio  of  average  maximum 
to  average  daily  traffic,  and,  conversely  highways  with 
heavy  traffic  volumes  generally  did  not  exhibit  a  high 
ratio.  In  Connecticut,  50  sections  of  highways  had  a 
ratio  in  excess  of  200  percent. 

Along  US  1  from  the  New  York  State  line  to  New 
Haven,  the  average  maximum  traffic  was  23,361 
vehicles  per  day  and  the  average  daily  traffic  was 
14,903  vehicles.  The  net  difference  in  the  two  values 
represents  an  increase  of  approximately  8,500  vehicles 
per  day,  although  the  ratio  of  increase  is  but  57  percent. 
Similarly,  on  U  S  5  north  from  New  Haven  via  Hart- 
ford to  the  Massachusetts  State  line  near  Thompson- 
ville,  the  average  maximum  traffic  density  for  the  route 
averaged  10,619  vehicles  per  day.  Comparing  this 
with  the  average  daily  traffic  density  of  7,022  vehicles 
for  this  route,  the  net  increase  was  3,597  vehicles,  or 
51  percent.  Although  the  ratios  of  increase  were 
relatively  low,  the  increments  were  large. 

It  is  interesting  to  compare  the  results  obtained  in 
this  survey  with  results  of  the  1923  traffic  survey  in 
Connecticut  made  by  the  Bureau  in  cooperation  with 
the  State  highway  department.     At  that  time  route 
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Figure  4. — Traffic  Flow  Hands  for  Average  Daily  Bus  Traffic. 


U  8  1  between  the  New  York  State  line  and  New 
Haven  carried  an  average  maximum  traffic  of  8,000 
vehicles  per  day,  while  11  years  later  the  same  highway 
was  subjected  to  an  average  maximum  traffic  of  23,361 
vehicles,  an  increase  of  192  percent.  On  U  S  5  the 
1923  average  maximum  traffic  was  approximately 
5,000  vehicles  per  day,  while  in  1934  the  average  maxi- 
mum traffic  was  10,619  vehicles,  an  increase  of  112 
percent.  These  are  cases  of  unusual  traffic  growth 
upon  appreciable  lengths  of  highways  that  originally 
carried  heavy  traffic  and  now  carry  still  greater  vol- 
umes; the  traffic  volume  more  than  doubled  in  a  decade. 
Foreign  vehicles  constituted  approximately  33  per- 
cent of  the  total  traffic  on  Connecticut  highways,  and 
it  is  interesting  to  observe  their  effect  on  the  average 
maximum  traffic.  Table  3  shows  the  average  daily 
and  average  maximum  traffic  density  values  for  all 
vehicles  and  for  foreign  vehicles  on  U  S  1,  U  S  5,  and 
U  S  5A  between  the  points  indicated.  By  taking  the 
difference  between  average  maximum  traffic  and 
average  daily  traffic  and  separating  this  difference  into 
local  and  foreign  classes,  foreign  vehicles  are  found  to 
make  up  49.3  percent  of  the  increase.  In  other  words, 
one-third  of  the  vehicles,  by  registration,  were  respon- 
sible for  one-half  of  the  peak  load  traffic  increase.  On 
these  selected  routes  the  ratio  of  average  maximum  to 
average  daily  traffic  for  Connecticut  vehicles  amounted 
to  146  percent  and  for  foreign  vehicles  189  percent. 


SEASONAL  VARIATIONS  OF  TRAFFIC  FOUND  TO  BE  LARGE 

A  well-established  characteristic  of  motor-vehicle 
traffic  is  that  the  flow  is  not  regular.  Variations  are 
due  to  a  number  of  causes.  The  most  conspicuous 
variations  are  for  the  season  of  the  .year,  day  of  the 
week,  and  hour  of  the  day.  In  the  absence  of  known 
values  for  seasonal  and  daily  variations,  most  State- 
wide surveys  are  continued  for  a  full-year  period  in 
order  that  each  major  influence  may  be  considered  in 
determining  the  final  traffic-density  figures.  Unusually 
inclement  weather  and  special  events  are  of  short  dura- 
tion and  the  data  are  readily  adjusted  to  take  them 
into  account. 

Although  traffic  is  quite  variable,  the  variations  re- 
peat themselves  in  close  order  from  year  to  year  and 
under  similar  conditions,  so  that  the  limits  of  changes 
may  be  established  to  a  fair  degree  of  accuracy  for  an 
extended  period. 

Table  4  shows  the  monthly  variations  in  vehicular 
traffic  throughout  Connecticut  expressed  as  percentages 
of  the  average  monthly  traffic.  These  data  are  based 
on  the  average  daily  traffic  during  the  month  irrespec- 
tive of  the  number  of  days  contained  in  the  month. 
Variations  throughout  the  year  are  illustrated  in  figure 
8,  which  shows  graphically  the  fluctuations  of  local, 
foreign,  and  total  .vehicular  traffic. 

Traffic  volume  was  greatest  in  August  with  141  per- 
cent of  that  of  the  average  month,  and  least  in  February 
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Figube  5. — Traffic  Flow  Bands  for  Average  Daily  Traffic  of  Foreign  Vehicles. 

Table  3.- — Comparisons  of  average  maximum  Ira  [fie  with  average  daily  traffic  on  selected  routes.     Figures  are  summations  of  counts  at  all 

stations  on  sections  listed 


U  S 
route 

Connecticut  vehicles 

Foreign  vehicles 

All  vehicles 

Stations  located  between — 

Average 

maximum 
traffic 

A  verage 
daily 
traffic 

Increase 

Average 

maximum 

traffic 

Average 
daily 
traffic 

Increase 

Average 

maximum 

traffic 

Average 
daily 
traffic 

Increase 

New  York  State  line  and  New  Haven__  

1 
l 
5 
5A 

206,  949 

144.712 
45.  113 
39,  555 

148,716 
94, 427 
31,089 
24,856 

58,  233 
50,285 
14,024 
14,699 

166, 834 
80, 015 
18,  601 
18,  421 

89,  739 
38,6*1 
11,043 
10,  834 

77,095 

41. 334 

7,558 

7,587 

373,  783 
224.  727 
63,  714 
57, 976 

238,  455 
133, 108 
42,132 
35,690 

135, 328 
91,619 

New  Haven  and  Rhode  Island  State  line 

New  Haven  and  Massachusetts  State  line.- 

21, 582 

Hartford  and  Massachusetts  State  line.  . 

22,286 

Total 

436,  329 

299,  088 

137,  241 

283,  871 

150,  297 

133, 574 

720,2<KI 

449,  385 

270, 815 

Percentage  of  total  increase 

50.7 

49.3 

wo.o 

with  49  percent  of  that  of  the  average  month.  The 
approximate  periods  of  average  monthly  traffic  for  the 
State  as  a  whole  occurred  from  the  middle  of  April  to 
the  middle  of  May,  and  again  from  the  middle  of 
October  to  the  middle  of  November. 

Foreign  traffic  fluctuated  much  more  widely  than 
did  local  traffic  from  a  low  of  33  percent  in  February 
to  a  high  of  172  percent  in  July.  The  range  for  Con- 
necticut vehicles  was  from  54  percent  in  February  to 
134  percent  in  August.  There  wdll  be  noted  an  unusual 
circumstance  in  that  foreign  vehicles  reached  their 
maximum  during  the  month  of  July,  while  Connecticut 
vehicles  were  at  their  maximum  during  August. 


DAILY    VARIATIONS    IN    TRAFFIC    FOLLOW    WELL-ESTABLISHED 

TRENDS 

Variations  in  traffic  density  by  the  days  of  the  week 
are  shown  in  table  5  and  figure  9,  all  items  being  ex- 
pressed as  percentages  of  the  average  week-day  traffic 
for  each  type  of  vehicle.  Week  days  are  from  Monday 
to  Friday,  inclusive. 

The  general  characteristics  of  daily  variations  are 
well  known  and  change  but  slightly  in  different  sections 
of  the  country.  Sunday  is  the  day  of  greatest  travel, 
with  Saturday  next.  On  the  remaining  five  days  of 
the  week  the  traffic  is  rather  uniform.  On  Sunday  the 
total  traffic  is   137  percent  of  the  average  week-day 


January  1936 


PUBLIC    ROADS 


231 


Table  4.- — Monthly  variations  in  traffic  density  expressed  as  pt  rcentages  of  average  monthly  traffic 


Passenger  ears 

Trucks 

Btl: 

All  vehicles 

Month 

Connect- 
icut 

Foreign 

Total 

Connect- 
icut 

Foreign 

Total 

<  lonnei  i 
icul 

Foreign 

Total 

/'em  nl 
98 
71 
102 

109 
99 

no 

int 

121 
97 
103 

88 

Connect- 
icut 

Foreign 

Total 

i;  rcent 
68 
52 
80 
97 
117 
123 
120 
138 
118 
121 
94 
72 

Perci  hi 
47 
28 
63 
77 
108 
127 
179 
170 
150 
120 
S3 
is 

P,  rcent 
63 
15 
76 
92 
115 
12! 
15 
146 
126 
121 
91 
66 

Pi  rci  nt 

87 
67 
89 
97 
11  1 
109 
1(17 
116 
109 

118 

105 
82 

Pi  rci  nt 

81 

68 
100 

82 

132 
102 
119 
103 
1 12 
130 
89 
52 

Perct  nl 

86 
67 

92 
94 
118 
Ills 
109 
113 
116 
120 
11)1 
76) 

99 

74 
1112 

95 
109 

99 
110 
104 
1  22 

96 
103 

87 

/'<  rc<  nl 
42 
1 1 15 
63 
i, ; 
(13 

i  n 

81 
63 

168 

rm 

127 

Percent 

72 
51 
82 
97 
117 
120 

118 

134 

116 

120 
96 
7! 

Percent 

51 

13 

6.7 

78 

no 

125 
172 
163 
119 
121 
83 
48 

Percent 
66 

49 

78 

92 

115 

121 

Julv                       -  

132 

141 

125 

120 

93 

68 

u~ 


77" 


7 


1  QT 


CI5  f 

putnam) 


XW1NSTED    US5A;'/        C7+/sWF0R0KUmA7 

\  J    SPRINGS  C  I2> 

WINDSOR//  ?-  r>«M,r,  cakiJ 

r  mi        '  //-(n/ROrKVIlLE    DANIELSONf 

TORRINGTON  --..CJOI       ,    -  C  83»  ROCKVILLt  ._,.-•+ 

C8!         HARTF0RC>>W---;-*'o"u''s6°,-~-.1       /'Js6         f 
\  U5  6/        /      \  -*° 

l«-^_-»/US5/    \     r-v  WILLIMANTIC 

/TV7RMINGT0N/      J  J     V2C0LCHESTER     , 

/WATERBURYf       J 


A 


/meriden/ 

°"\  /  / 

1  /C  15 


vv  COLCHESTER 
IDDLETOWN  ^NORWICH 


LEGEND 


j"  10.000 

TO 

15.000 

EHICLLS 

I    5.000 

TO 

10.000 

PER 

j    2.500 

TO 

5.000 

DAY 

I   1.000 

TO 

2.500 

C9    -    CONNECTICOT    ROUTE   NO  9 


u.s.i  "  united  states  route  no  i 
Figure    6. — Principal    Highways    Classified    by    Traffic 
Density. 


10.000 
5.000 


— B 


Figure   7. — Variations  in   Average   Daily   Traffic    Along 
U  S  1  and  U  S  1A  in  Connecticut. 

traffic;  local  vehicles  are  127  percent  of  the  average 
week-day  traffic;  and  foreign  vehicles  are  170  percent 
of  average  week-day  traffic. 

Vehicles  registered  in  States  other  than  Connecticut 
used  the  State  highways  to  the  extent  of  22.6  percent 
of  all  recorded  traffic.  They  were  much  in  evidence  in 
all  parts  of  the  State,  nearly  one  out  of  every  four 
vehicles  bearing  the  license  of  an  adjacent  or  distant 
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Figure   8. — Monthly   Variations   in   Local,    Foreign,    and 
Total  Traffic. 


monday     tuesday    wednesday    thursday      friday      saturday      sunday        monday 

Figure  9. — Daily  Variations  in  Local,  Foreign,  and  Total 
Traffic.  Week-Day  Traffic  Is  Traffic  Monday  to 
Friday,   Inclusive. 

State,  principally  the  neighboring  States  of  New  York, 
Massachusetts,  and  Rhode  Island.  On  the  principal 
through  routes  U  S  1  and  U  S  .r>  with  their  alternates 
U  S  lA  and  U  S  5A,  foreign  vehicles  contributed  33.4 
percent  of  the  total  vehicle  flow,  or  one  in  every  three 
vehicles. 

detailed  data  obtained  for  truck  and  bus  traffic 

Detailed  information  relating  to  the  characteristics 
and  movement  of  bus  and  truck  traffic  was  obtained 
at  26  selected  stations  on  the  principal  highways  of  the 
State.  At  least  one  station  was  located  upon  each  of 
the  major  highways  and  on  more  heavily  traveled 
arteries  there  were  several  stations.  Data  were  col- 
lected on  the  situs  of  ownership  of  the  vehicle;  its 
classification  as  owner  operated,  contract  hauler,  or 
common  carrier;  the  gross  load  of  the  vehicle  and  con- 
tents; contact  with  railroad  service;  classification  of  the 
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Table  5.  —Daily  variations  in  traffic  density  expressed  as  percentages  of  average  week-day  traffic 


Momi.i 
Tuesday 
Wednesday. 
Thursday. .. 

Friday 

Saturday . 
Sunday 


Passenger  cars 

Trucks 

Busses 

All  vehicles 

Connect- 
icut 

Foreign 

Pt ret  nl 

iiiii 

88 
93 
35 
124 
15] 
I'm 

Total 

Connect- 
icut 

Foreign 

Total 

i  Jonnect- 

il'Ut 

Foreign 

Total 

Connect- 
icut 

Foreign 

Total 

/'/  ret  nl 
95 
95 
100 
101 
109 
127 
MS 

Percent 
96 
93 
99 
99 
113 
133 
1 53 

Perct  nl 
99 
100 
95 
102 
1114 
90 
32 

Pt  i.-,  nl 
92 
101 
97 
105 
105 
66 
ts 

Pi  ret  nl 
98 
100 
96 

1(12 
1114 
85 
35 

Percent 
103 
96 
98 
99 
104 
102 
87 

Percent 
100 
100 
100 

Kill 
100 
100 

mo 

I'm',  ul 
103 
96 
98 
99 
104 
102 
87 

Percent 
96 
96 

99 
101 
108 
120 

127 

l'i  ret  nl 

90 
94 
96 
121 
139 
170 

Percent 
97 
94 
98 
100 
111 
125 
137 

1  Week  days  are  Monday  to  Friday,  inclusive. 

trip  as  inter-city,  from  country  to  country,  or  between 
city  and  country;  and  the  trip  origin  and  destination. 
The  information  was  obtained  throughout  8-hour  periods 
of  operation  upon  the  schedule,  previously  described, 
and  a  representative  sample  of  truck  ami  bus  traffic 
was  obtained  at  each  station. 

it  should  be  understood  that  the  figures  presented  in 
this  section  of  the  report  relate  solely  to  the  sample  of 
truck  and  bus  traffic  and  not  to  the  actual  number  of 
individual  vehicles  of  a  certain  type.  For  example,  if 
the  same  truck  made  10  trips  a  day  past  a  recording 
station,  it  was  counted  10  times  in  this  sample.  Be- 
cause, of  the  possibility  of  almost  unlimited  variations 
in  this  respect,  no  attempt  should  be  made  to  determine 
from  these  figures  the  actual  number  of  separate  vehicles 
of  a  particular  kind  or  class  in  the  State.  It  is  not  the 
purpose  of  this  analysis  to  furnish  that  inform  tit  ion.  It 
aims,  rather,  to  present  a  general  cross  section  of  truck 
and  bus  traffic  as  it  moved  over  the  highways  of  the 
State.  Each  statement  regarding  the  proportion  of  a 
certain  class  of  vehicles  in  any  breakdown  refers  exclu- 
sively to  the  particular  sample  of  highway  traffic  under 
consideration.  Therefore,  figures  or  percentages  pre- 
sented in  one  analysis  should  not  be  applied  to  another 
without  a  clear  understanding  of  the  nature  of  both. 
It  will  be  observed  that  the  size  of  the  sample  presented 
in  the  different  tables  varies  slightly,  owing  to  the  failure 
of  the  recorders  to  obtain  all  items  of  information  for 
every  vehicle. 

TRUCK  AND  BUS  CONTACTS  WITH  RAILROAD  SERVICES  DISCUSSED 

Table  6  lists  the  locations  where  truck  and  bus  data 
were  obtained  and  shows  that  but  six  trucks  per  thou- 
sand contacted  railroad  stations  at  any  time  during  the 
trip.  All  of  the  locations  at  which  data  were  obtained 
were  located  outside  city  limits  upon  main  highways, 
and  the  above  statement  therefore  applies  only  to  truck 
traffic  in  suburban  and  interurban  areas.  A  similar 
examination  within  cities  woidd  undoubtedly  show  a 
much  higher  proportion  of  trucks  contacting  railroad 
services.  A  great  majority  of  the  trucks  making  rail- 
road contact  were  operated  as  common  carriers. 

About  25  percent  of  the  busses  called  at  railroad 
stations  one  or  more  times  per  trip,  and  in  certain  parts 
of  the  State  the  proportion  was  much  greater.  For 
instance,  at  the  station  on  U  S  8  north  of  Waterville, 
G7  percent  of  all  busses  were  found  to  have  stopped  at 
railroad  stations  at  some  time  during  the  trip.  At  other 
locations  as  few  as  six  busses  per  thousand  were  found 
to  have  contacted  railroad  services. 

DATA   ON   SITUS   OF   OWNERSHIP    AND    TRIP    CLASSIFICATION    OF 
TRUCKS  PRESENTED 

The  classification  of  trucks  according  to  situs  of 
ownership — in  cities  of  2,500  population  or  over,  in 


villages  having  fewer  than  2,500  inhabitants,  or  on 
farms — is  tabulated  by  stations  in  table  7.  According 
to  this  classification,  84  percent  of  all  trucks  were  city 
owned,  and  the  remainder  were  divided  about  equally 
between  village  and  farm  ownership.  The  proportion 
of  city-owned  trucks  was  smallest  in  eastern  and  north- 
western Connecticut.  At  all  but  one  traffic  station 
city-owned  trucks  were  found  to  be  more  than  60  per- 
cent of  the  total  truck  traffic,  and  at  many  stations  the 
number  of  trucks  owned  by  city  dwellers  exceeded  90 
percent  of  the  total  count  at  the  station. 

Information  obtained  from  truckers  with  regard  to 
the  origin  and  destination  of  truck  traffic  showed  that 
04  percent  of  the  trucks  operating  upon  Connecticut 
highways  had  either  one  or  both  terminals  within  a 
city,  and  that  6  percent  were  traveling  between  points 
in  the  country.  For  the  purposes  of  trip  classification, 
cities  are  localities  with  2,500  or  more  population  and 
the  remaining  areas  are  considered  country.  Of  the 
94  percent  of  trucks  where  one  or  both  terminals  were 
within  a  city,  65  percent  were  intercity  trips,  15  percent 
were  from  city  to  country,  and  14  percent  were  from 
country  to  city. 

TRUCKS  CLASSIFIED  BY  TYPE  OF  OPERATION 

Of  the  total  sample  of  truck  traffic  throughout  the 
State,  about  three-fourths  were  owner-operated  (serving 
owners),  the  other  one-fourth  was  engaged  in  commer- 
cial trucking  as  contract  haulers  and  common  carriers. 
Contract  haulers  make  special  trips  when  and  where 
desired,  at  rates  agreed  upon  by  the  contracting  parties; 
common  carriers  follow  established  routes  between  fixed 
points,  operate  on  a  regular  schedule,  and  charge  stand- 
ard published  rates. 

The  distribution  of  trucks  among  these  3  classes  of 
operation  is  presented  in  table  8.  The  1  common  factor 
was  the  preponderance  of  owner-operated  trucks,  64 
percent  or  more  of  the  trucks  recorded  at  each  station 
being  used  in  the  business  of  owners.  Although  it  is 
difficult  to  find  an  indication  of  general  trends  in  these 
figures  for  individual  stations,  variations  within  certain 
ranges  for  groups  of  stations  are  significant.  On  the  3 
most  heavily  traveled  routes,  U  S  1  west  of  New  Haven, 
U  S  5,  and  U  S  5 A — the  percentages  of  trucks  operated 
by  owners  varied  between  a  low  of  63.8  and  a  high  of 
76.9  percent.  For  all  stations  not  on  these  3  routes,  the 
range  of  percentages  is  between  69.9  and  89.5  percent, 
or  6  and  13  points  higher  than  the  corresponding  figures 
for  the  former  group.  From  this  comparison,  it  is  clear 
that  owner-operated  trucks  more  frequently  follow  the 
less-traveled  routes;  or,  conversely,  that  commercial 
trucks  (contract  haulers  and  common  carriers)  are  found 
more  often  on  the  heavily  traveled  highways. 
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Table  6. — Sample  of  truck  and  bus  traffic  on  Connecticut  highways  and  contacts  with  railroad  service. 


Location  of  station 


US1,  southwest  of  Greenwich 

USl.atDarien - 

US1,  east  of  Westporl 

U  S  l.east  of  Stratford 

U  S  1,  west  of  New  Haven 

U  S  1,  at  Branford-. - 

U  S  1,  at  Madison 

V  S  l,  at  Saybrook 

U  S  l,  west  of  New  London 

U  S  l.at  Pawcatuck 

U  8  5,  at  Berlin.- 

U  S  5,  north  of  Thompsonville  .-.. 

I!  S5A.  south  of  State  line 

r  S  7,  northeast  of  RidgeSeld 

I1  S  6,  wast  of  Danbury 

U  S  6,  at  Southbury .   ... 

It  SB,  at  Plainville 

( 'onn.  8,  at  Naugatuck 

Conn.  8,  north  of  Waterville 

t  imii.  8,  south  of  Torrington. 

Conn.  15 and  V  S  5,  south  of  Montowese. 

Conn.  15,  north  of  Northford 

Conn.  15,  Conn.  2,  at  Glastonbury 

Conn.  9,  at  Higganum.-. 

Conn.  12  and  Conn.  14  north  of  Plainfield 

Conn.  12  and  Conn.  101,  at  Putnam. 

Tula]  at  all  truck  and  bos  stations 


'trucks 


Number 


Percent- 
age of 

total 


89.3 
88.9 
90.  0 

86.  2 
87.8 
91.7 
sit.  0 

92.  4 
90.  0 

87.  9 
83.0 
69.  7 
85.  7 

88.  1 
91.5 

93.  0 
94.8 
96.  5 
92.  1 

92.  8 

93.  7 
89.8 
87.5 
93.  7 
85.0 
93.  0 


88  s 


Busses 


Number 


935 
858 
829 
1,559 
1,122 
378 
379 
163 
536 
340 
720 
1.006 
364 
211 
155 
83 
136 
119 
179 
162 
194 
IS1 
196 
117 
314 
226 


11.7(12 


Percent- 
age of 
total 


hi.  7 

11.  l 

10.0 

13.8 

12.2 
s.  :■; 
11.0 

7.  (i 
10.0 

12.  1 
17.0 
30.  3 
14.3 
11.9 

8.  ."> 
7.0 
5.2 
3.  5 
7.9 
7.2 
6.  3 

10.2 
12.5 

6.3 
15.0 

7.0 


11.2 


Railroad  contacl 


Trucks 


Number 


538 


Percent- 
age of 
total 

truck 


0.3 
.4 
.3 
.3 
.3 
,8 

.8 
.5 
1.0 


s 
.4 
.7 
8 

.5 

.3 

1.0 

1 

8 

.8 

.3 

1.6 

2.4 

1.8 


Busses 


Number 


170 

150 

155 

459 

271 

105 

1(14 

38 

86 

73 

265 

392 

130 

102 

1 

2 

52 


120 
92 

61 
52 
3 

1 
12 
3 


Percent- 
age of 

total 
busses 


18.  -' 
17.5 
is.  7 
29.  4 
24.  2 
27  8 
27.  1 
23.  3 
16  (I 
21.  ,r) 
36.  8 
39.  II 
35.7 
48.3 
.6 
2.4 
38.  2 


Trucks 

and 
bu    G  . 

total 
sample 


67.  0 

56.  8 

31.4 

28.  7 

.6 

9 

3  8 

1.3 


24.  (i 


s,  7.r.:f 
7,  699 
8,309 
11,282 
9,219 

4,  543 

3,  1 18 

2,  156 

5,  33 1 
2,801 

4.  2:;s 

3,  322 
2,  545 
1,766 
1,831 

1,  181 

2,  600 

3,  396 
2,  270 

2,  259 

3,  084 
1,771 
3,  975 
1,  845 
2,097 
3,  207 


104,  931 


1  Less  than  0.1  percent. 


Table  7.     Situs  of  ownership  of  trucks  using  Connecticut  highways 


Local  ion  of  station 


U  s  l.southwesl  of  Greenwich 

U  S  1 ,  at  Darien 

TI  S  1,  east  of  Westport 

U  S  1 ,  east  of  Stratford 

U  S  1,  west  of  New  Haven 

U  S  l,at  Branford 

U  S  l,at  Madison 

0  S  l.at  Saybrook 

V  S  1 ,  west  of  New  London . . 

U  S  1 ,  at  Pawcatuck . 

U  8  5,  at  Berlin 

1'  S  5,  north  of  Thompsonville 

U  S  5A,  south  of  State  line 

U  S  7,  northeast  of  Ridgefield. . . 

U  S  6,  west  of  Danbury 

U  S  6,  at  Southbury 

U  S  6,  at  Plainville 

Conn.  8,  at  Naugatuck 

Conn.  8,  north  of  Waterville 

Conn.  8,  south  of  Torrington 

Conn.  15  and  U  S  5,  south  of  Montowese. 

Conn.  15,  north  of  Northford 

Conn.  15,  at  Glastonbury ...    .. 

Conn.  9  at  Higganum 

Conn.  12  and  Conn.  14  north  of  Plainfield 
Conn.  12  and  Conn.  101,  at  Putnam 

Total  at  all  truck  and  bus  stations 


City  ownership 


Number 


Percent- 
age ol 
total 


94.  1 
93.  6 

93.  3 

88  '.( 
ss  5 
si  I  (i 
61.9 
70.  6 
7(1  (I 
62  6 
93.4 
90.  (i 

91  ii 
(17  7 
73  8 
.18.  5 
88.2 

92  s 
88  3 
85  1 1 
67.2 
69.  3 
si  s 
64.7 
74.  o 
83.5 


83. 


Village  ownership 


Number 


246 
172 
202 
643 
335 
250 
900 
179 
830 
557 
87 
75 
65 
294 
2(11 
274 
98 
112 
58 
91 
262 
199 
195 
390 
315 
194 


Pel  cent 
age  cf 
total 


6  fi 

4  2 
6  (I 
29.  5 
24,  5 
17.4 
22.7 
2.5 

3  2 
3.0 

18  9 
12.  1 
25.0 

4  (I 
3.4 
2  8 
1  t 
9.  2 

12  6 
5.7 
22.  s 
17. S 
(i  5 


Farm  ownership 


212 
262 
300 
432 
590 
557 
263 
95 
599 
360 
145 
1  12 

131 

208 
234 

181 
192 
123 
186 
222 
676 
286 
4'ill 
214 
145 
298 


.  483 


Percent- 
age of 
total 


2.7 
3.9 
4.0 
4  .'. 
7.3 
[3  I 
8.6 
4.9 
12.6 
14.7 
4.  I 
6.  2 
6.0 

13  1 

14  I 
16  5 

7.s 
3  s 
8.9 
lu  ii 
23  6 
18  1 
12  5 
1 2.  ."■ 
s  2 
10.  0 


Total 
number 
of  trucks 


7,  S09 
6,807 
7,  456 
9,663 
8,018 
4,  152 
3,  050 
1,954 

1,  764 

2,  453 
3,514 
2,306 
2,  177 

1,  553 
1,660 
1,095 

2,  458 
3,274 
2,080 
2,088 

2,  859 
1,577 

3,  436 
1,711 
1,768 
2,  97:. 

92.  657 


TRIPS    OK    ONE-THIRD    OF    TRUCKS    FOUND    TO    EXTEND    OUTSIDE 
OF  STATE 

An  analysis  of  the  origin  and  destination  of  93,913 
trucks  is  presented  in  table  9  and  in  figure  10.  A  Little 
less  than  two-thirds  of  these  trucks  operated  only 
within  the  State.  About  25  percent  of  the  trucks  had 
only  one  terminal  in  Connecticut,  and  less  than  10 
percent  were  traveling  between  points  in  other  States. 
The  latter  group  constitutes  what  is  ordinarily  called 
"through  traffic."  In  a  similar  analysis  of  New  Jersey 
traffic  one  truck  out  of  I  luce  had  cither  one  or  both  ter- 
minals outside  the  Stale 

37674°— 36 2 


In  the  majority  of  cases  owner-operated  trucks  had 
both  origin  and  destination  in  Connecticut,  while 
contract-hauler  and  common-carrier  trucks  operated  to 
a  much  greater  extent  in  interstate  traffic.  Trucks  of 
each  class  of  operation  making  intersta  te  trips  had  bol  h 
terminals  outside  Connecticut  less  often  than  one 
terminal  within  and  one  outside  the  State,  but  a  rela- 
tively greater  percentage  of  commercial  trucks  had 
both  terminals  outside  the  State.  Comparatively  few 
owner-operated  trucks  passed  through  Connecticut  en 
route  between  other  Slates,  hut  about  one  commercial 
truck  out  of  five  was  classed  as  (hrou<rli  traffic. 
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Table  8.      Truck  traffic  on  Connecticut  highways  by  class  of  operation 


Location  of  station 


l'  Si,  southwest  <>f <  Ireenwich 

i    si,  at  Darien 

( '  s  i .  east,  of  Westporl  -    ...-.__. 

V  S  I,  east  of  Stratford.  . 

U  S  1,  west  of  New  Haven  . .    

I    si,  at  Branford. . .   .   ... 

US  l,at  Madison 

U  s  l,  at.  Saybrook. 

LSI,  west,  ol  Nfew    London       

U  S  l,at  Pawcatuck.  ..   . 

n  S5,  at  Berlin 

U  S  5,  north  of  Thompson ville 

U  S  5A,  south  of  State  line 

U  s  7.  northeast  of  Ridgefield 

("  S  6,  west  of  Danbury. .     ...     

I'  S  6,  at  Southbury 

U  S  6,  at  Plainville ... 

Conn.  8,  at  Naugatuck 

Conn.  8,  north  of  Waterville   

Conn.  8,  south  of  Torrington. 

Conn.  15  and  U  S  S,  south  of  Montowese. 

i'liim.  15,  north  of  Northford . 

Conn.  la.  Conn.  2,  at  Glastonbury 

Conn.  9,  at  Bigganum 

Conn.  12  and  Conn.  I  ».  north  of  Plainfiekl 
Conn.  12  and  Conn.  101  at  Putnam 

Total  at  all  truck  and  bus  stations. 


Owner  operator 

( 'oniraet  hauler 

i  'ominon  carrier 

Percent- 

Percent- 

Percent- 

Number 

age  of 

Nuni  her 

age  of 

Number 

age  of 

total 

total 

total 

5,  303 

68.0 

1 ,  578 

20.  2 

922 

11.8 

t.  726 

69  3 

18,  5 

832 

12.2 

5,  290 

71    1 

1.505 

20.2 

651 

8.7 

7,181 

74.  2 

1,815 

18.  7 

0X4 

7.  1 

5,691 

70.  9 

1,702 

21.2 

633 

7.9 

3,  353 

80.  7 

504 

13.6 

237 

5.7 

2,  300 

75.  2 

515 

16  8 

243 

8.0 

1,388 

69  9 

426 

21   5 

171 

8  6 

3,930 

82  3 

lil! 

12.8 

235 

1     '! 

1.900 

77.fi 

105 

I0.fi 

143 

.'..  8 

2,434 

69.  3 

707 

21.9 

307 

s,  s 

1,769 

76.  9 

409 

17.8 

123 

5  3 

1,390 

63.8 

405 

21.4 

322 

I  1.8 

1,302 

83.  7 

197 

12.7 

56 

3.  6 

1,494 

89.3 

148 

8.8 

31 

lit 

944 

86.2 

108 

9.  9 

43 

3.9 

2,  197 

89  5 

1711 

6.9 

S7 

3.  0 

2,374 

72.fi 

548 

1 6.  7 

350 

10.7 

1,619 

77.8 

299 

14.4 

163 

7.  S 

1,725 

82.3 

236 

11.2 

I3fi 

ii.  5 

2,  323 

si    2 

419 

1  1    0 

119 

1  2 

1.  164 

73,  3 

337 

21.2 

87 

5.  ,ri 

2,981 

86.3 

349 

III   1 

123 

3.0 

1,535 

88.9 

129 

7.5 

62 

3.6 

1,289 

72.7 

348 

19.6 

137 

7.  7 

2,416 

81.2 

398 

13.4 

160 

5.4 

70,  024 

75.5 

15,713 

16.9 

7,057 

7.0 

Total 
number 

of  trucks 


7. 803 

6,  823 

7.  452 
9,680 
8,026 
4,  154 
3,058 
1 .  985 

1,  ?76 

2,  Us 

3,  508 
2,  301 
2,  177 
1,555 
1.673 
1,095 

2,  454 

3,  272 
2,081 

2,  097 
2,861 
I,  588 

3,  153 
1 .  730 
1.771 
2,971 


92,  794 


Table   9. — Truck  traffic  on   Connecticut   highioays   makiixg  Stall 
anil  interstate  trips,  by  class  of  operation 


Origin  and  destination 

( )w  ner  i 

operator 

Contract  hauler 

Number 

Percent 

Number 

Percent 

Both  in  Connecticut.    . 

51.307 
10,683 
2,916 

72.  1 
23.  5 

4    1 

100  a 

5,  9iis 

6,  '.'in 
:-;.  743 

15.912 

37.  1 

1  in  Connecticut 

39.  1 

Both  outside  Connecticut     ..  .. 

23.  5 

Total 

70,  900 

100.0 

Origin  and  del  inai  ion 

( 'otlllllo 

Alicia 

Number 

Percenl 

Number 

Percent 

1  in  Connecticut. 

2,  836 

2,  939 
1,320 

10  0 

ii   l 
18.  6 

100  0 

nil.  Hal 

25,  883 

7,979 

63.9 
27.6 

Both  outside  Connecticut   .   . 

8.5 

Total                  

7. 095 

9,1.913 

100.0 

The  topography  of  the  New  England  States  is  such 
that  Connecticut  forms  a  natural  and  comparatively 
level  thoroughfare  for  traffic  between  the  eastern  sea- 
board and  central  valley  districts,  New  York  City,  and 
other  points  to  the  south  and  west.  The  Berkshire 
Mountains  parallel  the  western  boundary  of  Massachu- 
setts along  its  entire  length, and  the  Green  Mountains  of 
Vermont  erect,  an  effective  barrier  to  east  and  west 
t rathe  except  at  a  few  points.  Accordingly,  a  consider- 
able part  of  truck  traffic  on  Connecticut  highways  was 
going  to  or  from  other  New  England  States  and  eastern 
Canada.  The  how  of  truck  traffic,  is  clearly  shown  in 
table  10  and  figure  1  1 . 

Owner-operated  trucks  from  New  York  were  going 
principally  to  points  in  Connecticut  and  other  New 
England  States,  with  a  very  small  percentage  passing 
through  Connecticut  en  route  from  the  New  York  City 
metropolitan  area-  (o  other  parts  of  New  York  State. 
In  contrast  with  owner-operated  trucks,  a  smaller 
proportion  of  contract-hauler  trucks  from  each  of  the 
origins  indicated  in  the  table  was  destined  for  points 
in  (  ounce  tic  ut. 


COMMON  CARRIER 
CONTRACT  HAULER 
OWNER  OPERATOR 


3=S 


r~         .' : 


\  \  \  S 


33= 


0  10  20  JO  40  SO  60  70  80 

ptrcentage.  of  trucks 

origin  and  destination 
one  in  connecticut   f— 1  both  in  connecticut   zz3 

both  outside  connecticut    ■■ 
Figure    10. — Truck    Traffic    Classified    by    Kind    of    Trip 
and  Class  of  Operation. 

The  proportion  of  common-carrier  trucks  originating 
in  New  England  and  bound  for  New  York  State  was 
approximately  the  same  as  that  of  contract-hauler 
trucks,  but  a  greater  percentage  of  common  carriers  had 
their  destination  in  ( lonnecticut,  and  fewer  were  running 
to  more  distant  Stales.  Common-carrier  trucks  from 
New  York  also  showed  a  greater  proportion  stopping  in 
Connecticut  and  relatively  fewer  continuing  through 
the  State  to  other  parts  of  New  England. 

That  part  of  truck  traffic  on  Connecticut  highways 
having  one  or  both  terminals  within  the  State  may  be 
considered  as  of  primary  importance  to  the  State 
itself.  A  comparison  of  the  dispersion  of  truck  traffic 
originating  or  terminating  in  Connecticut  is  presented 
in  table  11.  The  relative  importance  of  each  geo- 
graphic area,  as  the  origin  and  destination  of  truck 
traffic  is  shown,  for  each  of  the  three  classes  of  opera- 
tion, in  figure  12.  More  than  80  percent  of  this  traffic 
remained  within  the  boundaries  of  Connecticut,  and 
by  far  the  greater  part  of  the  remainder  was  between 
Connecticut  and  other  New  England  States,  including 
a  very  small  amount  of  traffic  with  Canada  and  New 
York  State,  principally  the  New  York  City  metro-, 
politan  area.  New  Jersey  claimed  a  little  less  than 
1  percent  of  this  traffic,  and  only  occasionally  were 
trucks  found  making  trips  between ,  Connecticut  and 
Pennsylvania,  Delaware,  Maryland,  Virginia,  and  the 
District  of  Columbia.  Trucks  to  or  from  more  distant 
States  were  rarely  found.  The  close  parallel  between 
the  two  series  of  figures  in  table    I  I    again    serves  to 
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Table   10.— Truck  Ira  [lie  classified  by  type  of  operation  and  btj  origin  and  destination 


0 

rigin  of  truck  traffic 

Class  of  opera! ion  ami 
destination 

New  England  ' 
and  <  'anada 

Connecticut 

New 

York 

New  Jersey 

Pennsylvania 

Delaware, 

Maryland, 

i,  and 
District  of 
Columbia 

Other  Stales 

Total 

Num- 
ber 

Per- 
cent 

N 1 1 1  n  - 
bei 

Per- 
cent 

Num- 
ber 

Per- 
cenl 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Pet 

cent 

N  i  nn  - 
bei 

Per- 

i  .  in 

Num- 
ber 

Per- 
cent 

OWNER  OPERATOR 

New  England  '  and  Canada  . 
Connecticut  ~ 

[01 

3,  '-'j;, 
7m; 

174 
09 

142 
33 

7  1   2 

17  4 

;  9 

1.5 

3.  1 

2,991 

51,307 

1.  745 

320 

45 

58 
17 

5.  0 

86  .; 
8.0 

.  1 

.  1 

(■') 

1,  18(1 

4,  857 

40 

2 

1 

19.  5 

79.  N 

189 

313 
2 

37  5 

02.  1 
.4 

(17 

44 

1 

7,  II  S 

39.  3 

.9 

2!) 

71.3 

2H  0 
1.8 

42 

77.1 

1 

.711   Ii 
17  II 
1.2 

1.1,7,7, 

59.  S14 

5,  577 

196 

114 

2lll 
51 

i,.  i, 
84.3 

New  Jersey .  - 

■j 

Delau  ire,  Marj  land,  Virginia, 
and  District  of  <  !olumbia_. 

(-■I 

3 

1 

1.2 

(.'■) 

Total 

4,  530 

inn  0 

59,  483 

100  0 

11.  086 

loo  o 

504 

ton  it 

112 

100.0 

HIS 

100.0 

S3 

too.  0 

70,906 

100.0 

CONTRACT   HAULER 

GO 

1,066 

1,243 

287 

107 

H7 
34 

2.  I 
:i7  2 
43.4 

JO.  0 

3. 7 

2.4 
1.2 

1,048 

... '(lis 

1,560 

2.74 

31 

25 

11.8 

i,i,  1 

17.5 

2  9 

8 

.3 
.3 

1.  Ill 

1,817 

13 

1 

3 

13  5 

55  n 
.4 

(■1 

1 
.  1 

233 

269 

4 

JO.  0 

7,3.  2 
8 

121 
59 
2 

66  .7 

32   1 

1.  1 

1 

71.3 

24  7 

1.0 

711 

32 

0 

1,4.  S 
29.  (1 
5.11 

3,021 

9.  17(1 

2,  829 

542 

182 

Mil 

HI 

19.  0 

New  York 

17  8 

New  Jersey .. 

3  4 

Pennsylvania   . 

1    1 

Delaware,  Maryland,  Virginia, 
and  District  of  Columbia 

II 

i  n  ber  states. . . 

.4 

Total-. . 

2,  864 

100.0 

8,9111 

100  0 

3.  250 

100   0 

506 

100   0 

1S2 

Kill.  0 

101 

too  0 

Ills 

Hill  0 

15,912 

Kill.  0 

COMMON  CARRIER 

New  England  '  and  ( !anada 
Connecticut    ...  

20 

4111 

431 

51 

8 

8 

2 

2.  1 
)7  0 
13  9 

.8 

8 
.2 

473 

2,  836 

685 

10 

IS 

2 
1 

1 1   7 
69.  9 

n.  a 
1.0 

t 

.  1 
(2) 

701 
1,  171 

1 
1 

37    1 

112    1 
1 

73 
(15 

52.9 

47.  1 

11 

15 
1 

40.7 
55.  0 
3.7 

3 

2 

00.0 
40.  0 

0 

;  3 

411  2 

1 .  2SS 

1.  556 

1.  no 

92 

10 
3 

18.  2 

04   2 

New  York  . .   ... 

15  s 

New  Jet  ej 

1.3 

Pennsylvania       ..    .. 

| 

.  4 

Delaware,  Maryland,  Virginia, 

.  1 

Other  States 

C!) 

Total.     .     

981 

loo  o 

4,  055 

100.0 

1,  87(i 

100   0 

138 

100.0 

27 

100   1) 

5 

urn. ii 

13 

100.  n 

7,095 

100.11 

ALL  CLASSES 

New  England  >  and  Canada 
Connecticut- 
New  Yor,k_ . .  

New  Jersey 

181 

1.  752 

2,  160 
512 
184 

217 
119 

.Ml   7 
29  J 

(1  1 
2  2 

2   11 
.8 

1  512 

60,051 

6,990 

1114 

IMS 

91 
43 

6.2 

82  '.) 
9.7 

X 
■1 

.  1 
.1 

3,301 

7,845 

55 

4 

1 

4 
2 

29.  4 

70  0 
.5 

I      , 

495 

047 

6 

43.  1 

5(1  4 
.5 

199 

lis 
4 

62  n 

36  s 

1.2 

1.77, 
56 
3 

72  4 

20  2 

1.1 

119 

77 
7 

58  .; 
37.  S 
3.4 

N,  902 

77.  7,  Ii, 

9,  525 

1.  1311 

323 

3  12 
117, 

9.  0 

78.  3 

10.2 
1.2 

.  3 

Delaware,  Maryland,  Virginia, 

.3 

Other  States 

1 

.5 

.  1 

Total.      _ 

8,  375 

100.  0 

100.0 

11,212 

100  0 

1.  14S 

100  n 

321 

100  (1 

21.1 

lno  o 

Jul 

100  II 

93,913 

100.  (J 

|  Except  Connecticut 

emphasize  the  point  that  traffic  between  given  localities 
tends  to  be  the  same  in  both  directions.  The  sub- 
division of  this  truck  traffic  according  to  class  of 
operation  is  presented  in  figure  11. 

The  distribution  of  through  truck  traffic  according 
to  destination  is  shown  in  table  12.  The  relative  im- 
portance of  each  area  as  both  origin  and  destination  of 
trucks  passing  through  Connecticut,  is  shown  in  figure 
1 3 .  Figures  12  and  1 3  show  clearly  that  trucks  engaged 
in  both  classes  of  commercial  hauling  are  found  much 
more  frequently  in  through  traffic  than  in  traffic  that 
has  its  origin  or  destination  in  Connecticut. 

Trucks  having  both  terminals  within  Connecticut 
constituted  63.9  percent  of  all  trucks  whose  origins 
and  destinations  were  recorded.  Approximately  one- 
third  of  this  intrastate  truck  traffic  was  between  f5 
cities  in  various  localities.  Details  of  this  analysis 
are  presented  in  table  13,  and  also  in  figure  f  4.  Owner- 
operated  trucks  were  more  frequently  operating  be- 
tween other  points  than  these  15  cities,  though  many 
may  have  had  either  their  origin  or  destination  in  one 
or  another  of  them.  Only  28  percent  of  the  entire 
number  of  owner-operated  trucks  in  intrastate  traffic 


■  Less  t  lian  0.1  percent 

made  their  trips  between  cities  enumerated  above. 
Contract  haulers  were  about  equally  divided  in  their 
operation  between  pairs  of  these  cities  and  between 
other  points,  and  only  1  out  of  3  common  carriers  had 
either  or  both  terminals  outside  these  cities. 

Analysis  of  intercity  truck  traffic  originating  in 
principal  Connecticut  cities  is  possible  where  truck 
counts  were  taken  at  points  on  the  principal  routes 
between  them.  Ordinarily,  the  bulk  of  (ruck  traffic 
was  between  neighboring  cities,  although  larger  but 
more  distant  cities  sometimes  drew  a  considerable 
amount  of  traffic.  Local  traffic  with  nearby  places 
consisted  chiefly  of  owner-opera  ted  trucks,  a  large  pro- 
portion of  these  undoubtedly  being  of  the  retail  delivery 
class.  Traffic  to  more  distant,  points  frequently 
showed  a  greater  proportion  of  contract-hauler  and 
common-carrier  t  rucks. 

GROSS  WEIGHTS  OK  TRUCKS  MEASURED 

.Scales  were  available  at  1  1  stations  at  which  the  com- 
bined weights  of  the  vehicles  and  loads  were  obtained. 
This  weight  is  hereafter  referred  to  as  gross  weight. 


23G 


PUBLIC    ROADS 


Vol.  16,  No.  11 


LEGEND 

O     OWNER  OPERATOR 
(Ci     CONTRACT  HAULER 
4k     COMMON   CARRIER 


Figure  1 1 . — Relative  Importance  of  Each  Area  as  the 
Origin  and  Destination  of  All  Truck  Traffic,  by  Class 
of  Operation.  Areas  of  Circles  Are  Proportional  to 
Percentage   Distribution  of  All  Trucks. 

Table   11. — Origin  or  destination  of  truck  traffic  that  originates 
or  terminates  in  Connecticut 


t 
Origin  nr  destination 

Trucks  having  ori- 
gin in  Conned  icut 

Trucks  having 

destination  in 
Connecticut 

Number 

Percenl 

Number 

Percent 

New  England  and  Canada     .     .   .   __. 

Connecticut 

New  York 

4,512 

60,  051 

(i,  1190 

614 

138 

91 
43 

ii  2 

82  9 

9.  7 

.8 

.  1 
.1 

4,752 

60,051 

7,845 

647 

UN 

56 
77 

6.  3 

81   7 
1(1  7 

New  Jersey 

9 

Delaware,  Maryland,  Virginia,  and  Dis- 
trict of  Columbia 

All  (il  her  Stairs 

.1 

1 

Total 

72,  439 

100.0 

73,  546 

100  0 

T  \hi.k  12.      Destination  of  through  truck  traffic  by  class  of  operation 


1  lestination 

Owner 
operated 

Contracl 

hauler 

Common 
carrier 

All  classes 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

New  England  'and  <  'anada 

Mew  York  _____ 

New  Jersej 

Pennsylvania, 

l  )elaware,  Marj  land,  Vii  ■ 

ginia,    and    District   of 

i  'olumbia 

1,662 
832 

176 
69 

143 

34 

57.0 

28.  5 

6.0 

2.4 

■I  'J 
1    2 

1,973 

1,  269 

288 

1117 

70 
36 

52.7 
33.  9 

7.  7 
2.9 

1.9 

.9 

815 
134 

52 
9 

8 
2 

61.7 

32.  9 
3.9 

.6 
.2 

4,450 

2,  535 

516 

185 

221 
72 

55.  8 

31.8 

6.4 

2.3 

2.8 

Tula] 

2,916 

100.0 

3,  7 43 

100.0 

1,320 

100.0 

7,979 

100.0 

Except  <  'onuecl  icut. 
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Figure  12. — Relative  Importance  of  Each  Area  as  the 
Origin  and  Destination  of  Trucks  Having  One  or  Both 
Terminals  in  Connecticut,  by  Class  op  Operation. 
Areas  of  Circles  Are  Proportional  to  Percentage 
Distribution  of  All  Trucks. 

The  locations  of  these  stations,  the  number  of  trucks 
weighed,  and  the  average  gross  weights  at  each  are 
shown  in  table  14. 

The  weights  varied  from  about  1,000  pounds  to  as 
high  as  80,000  pounds  in  the  case  of  a  few  special  ve- 
hicles. Light  delivery  vehicles  were  classed  as  trucks, 
and  tractor-semitrailer  combinations  were  weighed  as  a 
single  unit.  The  highest  average  gross  weight  at  any 
station  was  12,100  pounds  on  U  S  5A,  south  of  the  Mas- 
sachusetts State  line,  and  the  lowest  on  Connecticut  12, 
at  Putnam.  Generally,  high  average  gross  weights  were 
found  at  stations  on  U  S  1,  IT  S  5  and  5A,  the  routes  on 
which  the  greatest  traffic  density  was  recorded.  The 
average  gross  weight  of  owner-operated  trucks  was  7,600 
pounds;  that  of  contract-hauler  trucks,  15,200  pounds; 
and  that  of  common-carrier  trucks,  17,000  pounds ;  while 
9,600  pounds  was  the  average  gross  weight  of  all  classes 
of  trucks  combined.  A  great  majority  of  owner-opera  t  e<  I 
trucks  were  in  the  lower  weight  groups ;  only  about  20  per- 
cent of  these  weighed  10,500  pounds  or  over.  Among 
both  contract-hauler  and  common-carrier  trucks,  how- 
ever, about  two-thirds  weighed  10,500  pounds  or  more. 

Trucks  on  U  S  5A  south  of  the  State  line  had  the 
heaviest  gross  weights  and  the  proportion  of  contract 
haulers  and  common  carriers  was  largest.  At  Put- 
nam, where  the  percentage  of  owner-operated  trucks 
was  high,  the  average  gross  weight  was  less  than  at 
any  other  station.  In  general,  average  gross  weight 
was   greatest   where   commercial   hauling   was   a  high 
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a  common  carrier 
Figure  13. — Relative  Importance  of  Each  Area  as  the 
Okicin  and  Destination  of  Trucks  Passing  Through 
Connecticut,  by  Class  of  Operation.  Areas  of  Circles 
Are  Proportional  to  Percentage  Distribution  of 
Through  Trucks. 

proportion  of  the  total  truck  traffic  and  lowest  at  points 
where  commercial  hauling  was  low  in  proportion  to 
total  truck  traffic.  Table  15  shows  the  distribution  of 
the  various  classes  of  trucks  according  to  cross  weights. 
Eighty-two  trucks  weighed  more  than  43,500  pounds. 
Twelve  of  these  were  found  on  US  1,  southwest  of 
Greenwich;  29  on  U  S  1,  east  of  Stratford;  and  18  on 
U  S  5  at  Berlin.  Thus,  about  seven-tenths  of  these 
trucks  were  in  operation  on  routes  between  New- 
York  City  and  New  Haven,  or  between  New  Haven 
and  Hartford.  Several  of  the  heaviest  trucks  were  also 
found  on  U  S  5  north  of  Thompson ville,  on  V  S  5A 
south  of  the  State  line,  on  US  1  at  Saybrook,  and  on 
Connecticut  8  at  Naugatuck.  Three-eighths  of  these 
trucks  were  owner-operated,  the  other  five-eighths 
being  commercial  haulers.  More  than  half  of  these 
heavy  trucks  were  en  route  to  or  from  New  York 
City.  Three-fourths  were  engaged  in  interstate  traffic, 
one-fourth  passing  through  the  State,  and  one-half 
having  one  terminal  in  Connecticut  and  one  outside. 
In  almost  every  instance  these  trucks  were  owned  by 
city  residents  and  were  operating  between  cities. 

CHARACTERISTICS  OF  BUS  TRAFFIC  DISCUSSED 

The  distribution  of  busses  according  to  the  principal 
classifications  indicates  that  more  than  96  percent  of  all 
busses  on  Connecticut  highways  were  owned  by  city 
residents;  about  3  percent  were  owned  by  residents  of 
villages  or  towns  of  less  than  2,500  population  ;  and  less 
than  1  percent  were  owned  by  residents  of  farms. 
About  82  percent  of  all  busses  were  traveling  between 


Table    13. — Destination   of  intercity   truck  traffic  on  Connecticut 
highways  by  class  of  operation 


I  »estination,  cil.v  and 

Owner 
operator 

Contract 
hauler 

'  'ommon 
carrier 

All  classes 

county 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Pet 
cenl 

Torrington,  Litchfield 

Bristol,  Hartford     . 

516 
430 
964 

.SI'S 

3,598 

228 

[98 

941 

1,  286 

■144 

3,421 

818 

382 

511 

133 

:;  6 
3.0 
6  7 
3.7 

25  (I 
1   6 
1.1 
6.5 
8  9 
3  1 

23  8 
5.7 
2.6 
3.5 
.9 

98 
37 

296 
51 

732 

28 

91 
124 

4X 
747 
215 

99 
1(13 

34 

3.  5 
1.3 

10.  6 
1.8 

26  2 
1.0 
1.0 
3.  3 
4.5 
1.7 

26,  8 
7.7 
3.6 
5.  8 
l.  2 

74 
24 
196 

28 
126 
21 

22 
60 

130 

16 

471 
17,7 

:sy 
138 

30 

4.0 
1.3 

10.7 
1.5 

23.  2 

1.  1 
1.2 
3.  3 
7.  1 

."1 
25.  6 
8  5 

2.  1 

2.0 

688 

491 

1,  156 

607 

4.  750 

270 

24x 

1,062 

1,540 

alj.s 

4,  639 

1.  190 

520 

812 

203 

:i  o 

Hartford,  Hartford  .. 

New  Britain,  Hartford 

Bridgeport,  Fairfield 

1  >anburj .  Fairfield 

Greenwich,  Fairfield 

Norwalk,  Fairfield. 

Stamford,  Fairfield 

:(.  2 

25  o 

I    I 

!  :'. 

Meriden,  New  Haven..  .  .. 

New  Haven,  New  Haven 

Waterbury,  New  Haven    . . 
Middletown,  Middlesex 
New  London,  New  London. 
Norwich,  New  London 

24.  4 

i,  3 
2.7 
4.3 
1    1 

Total,  15  cities 

14,398 

IO0  0 

2,790 

100.0 

1 ,  838 

100.0 

19,026 

100.0 

Percentage    of    intra- 
state truck  traffic  ' 

28  1 

47  2 

64.8 

31.7 

1  The  base  figures  for  t  hese  percentages  are  found  in  table  10. 

Table   14. — Number  and  average  gross   weight  of  truck  a  passing 
designated  points  on  Connecticut  highways 


Location  of  station 


V  S  l,  southwest  of  Greenwich 

a  S  1,  east  of  Stratford 

V  S  1,  at  Saybrook.    

I'  S  7,  northeast  of  Ridgefield 

I    s  5,  at  Berlin.. 
U  S  5,  north  of  Thompsonville. 
i    s  5A,  south  df  State  line 
U  s  o,  at.  Plainville 

<  'otiii  8,  at  Naugatuck. ...   . 

("onn.  12  ami  Conn.  14,  north  of  Plainfield 
Conn.  12  and  Conn.  101,  at  Putnam.    . 

Total  and  average,  1 1  stations 


Trucks 
weighed 


26,  1 18 


Average 
gro 
weight 


Numbi  i 

Pounds 

3,510 

•X  sno 

4,  350 

10.  31)0 

1,970 

'.1.  .".00 

1,450 

S,  IIOO 

3,513 

1  1.  too 

1,854 

10,  100 

1,  1 7.x 

12,  100 

.',  to:; 

7.000 

1.847 

9,300 

1,74!) 

x,  too 

1 ,  258 

o,  (ioo 

Table    15.  —  Distribution   of  trucks  according  to  gross  weight   and 
by  class  of  operation 


Gross  weight, 

( iw net- 
operator 

Contract 
hauler 

<  'ommon 
carrier 

All  classes 

\  \  erage 

•.M'oss 

pounds 

Num- 
ber 

Per- 
cent 

\  um- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

weight, 
pounds 

Under  4,500 

4, add  to  10,499 

10,500  tO  10.499 

29,500  and  over. 

7.  742 

7,  857 

2,  55b 

890 

358 

39  9 

40  5 

13  '-' 
4  0 

1   s 

232 

I..7, 17. 

1,637 

SKI 
414 

5  I) 
32.  :i 

17.0 
9.0 

02 

0110 

696 

402 
2X5 

3  o 
29.  0 
33  9 

III  6 
13  o 

8,036 

9,  '.its 
4,891 

2.  102 

1,057 

30.  8 

38  ;; 

IS.  s 

S.     1 

4.0 

3,200 

0.  son 
14,300 
23,800 
30,  700 

Total,  all  weights. 

19,  405 

100  0 

1,608 

100.0 

2,051 

100.0 

20,004 

100.0 

0.  011(1 

A  v  e  r  a  ;j  e  gross 
weight.  __ 

7.  000 

15,  200 

17,000 

'.).  000 

cities;  less  than  2  percent  ran  from  country  to  country  ; 
and  about  16  percent  were  operating  between  city  and 
country.  Nearly  95  percent  of  all  busses  on  Connecti- 
cut highways  were  common  carriers,  and  contract- 
hauler  busses  were  about  5  percent  of  the  total.  Tabula- 
tions of  the  origin  and  destination  of  individual  busses 
show  that  37  percent  had  both  origin  and  destination 
in  Connec^mt;  about  2(>  percent  had  one  terminal  in 
Connecticut  and  one  outside;  and  37  percent,  had  both 
origin  and  destination  in  other  .States.  Contract- 
hauler,  busses  occurred  most  frequently  in  intrastate 
traffic,  and  least  frequently  in  through  traffic. 

(Continued  on  p.  244) 
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URING  the  summer  of  1934  a  survey  was  con- 
ducted on  the  725-mile  State  highway  system  of 
Rhode  Island  to  obtain  information  on  the  distri- 
bution and  classification  of  highway  traffic,  and  the 
habits  of  drivers  with  regard  to  speed  and  obedience  to 
traffic  regulations.  Work  was  done  as  a  project  of  the 
Federal  Emergency  Relief  Administration  to  furnish 
employment  to  many  persons  on  relief  rolls  throughout 
the  State.  The  sponsors  were  the  Bureau  of  Public 
Roads,  the  State  Board  of  Public  Roads,  the  Depart- 
ment of  State  Police,  and  the  ( rovernor's  (  ommittee  on 
Street  and  Highway  Safety. 

The  field  data  were  tabulated  by  4f>!>  field  enumer- 
ators at  355  observation  stations  during  the  period  from 
June  29  to  September  26,  under  the  direction  of  10  field 
supervisors.  The  administrative  work  and  the  com- 
pilation and  analysis  of  data  were  done  by  a  head- 
quarters staff  of  64  persons  working  from  June  1  to 
December  20. 

Insofar  as  possible,  all  data  were  classified  as  follows: 

1.  By  weekdays  and  Sundays. 

2.  By  hours  of  the  day. 

3.  By  location  of  the  stations  with  reference  to  pop- 
ulation as  follows: 

('/)  Urban,  the  business  centers  of  communities. 

(6)  Suburban,  built-up  areas  predominantly  resi- 
dential. 

(c)  Rural,  open  country  with  houses  or  stores  widely 
scattered. 

It  is  important  to  note  that  only  a  few  miles  of  the 
State  highway  system  penetrate  the  boundaries  of 
large  cities,  and  hence  the  data  obtained  does  not 
reflect  city  traffic  conditions. 

WEATHER    CONDITIONS    HAVK    GREATEST    EFFECT    ON    SUNDAY 

TRAFFIC 

Observations  of  weekday  and  .Sunday  traffic  at  135 
stations  showed  that  the  Sunday  traffic  volume  cx- 
<('ct\ed  that  of  the  average  weekday  by  42  percent. 
The  hourly  observations  disclosed  that  the  greatest 
traffic  for  the  average  weekday  was  from  5  to  6  p.  m., 
with  7.54  percent  of  the  total  traffic  volume  for  the 
day;  and  that  the  next  busiest  hour  was  from  8  to  !t 
p.  m.,  with  a  nearly  equal  amount  (7.52  percent). 
The  weekday  traffic  volume  dwindled  to  less  than  half 
of  1  percent  between  4  and  5  a.  m.  On  Sundays  8.05 
percent  of  the  day's  traffic  volume  occurred  Oct  ween 
7  and  8  p.  m.,  and  less  than  half  of  l  percent  occurred 
between  3  and  4  a.  m. 

Population  density  was  found  to  have  a  definite 
cflect  on  traffic.  At  urban  stations  the  traffic  volume 
rose  to  sharp  peaks  during  the  morning  rush  hour  (8-9 
a.  m.),  the  late  afternoon  (5-0  p.  in.),  and  the  early 
evening  (8-9  p.  m.).  Suburban  stations  showed  the 
same  characteristic's,  Out  not  so  strongly  emphasized. 
At  rural  stations  the  volume  was  variable,  increasing 
during  the  day  because  of  through  traffic,  and  with  a 
peak  only  in  the  late  afternoon  (5   6  p.  m.). 

1  The  full  report  has  been  submitted  to  the  Rhode  Island  State  Hoard  of  Public 
Roads  ami  »  ill  not  be  published  or  distributed  by  the  Bureau  of  Public  Roads. 
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The  influence  of  weather  on  traffic  volume  was  made 
the  subject  of  a  special  study  carried  on  at  five  stations 
located  on  the  principal  routes  between  cities  and  coast 
resorts.  Traffic  volume  was  not  noticeably  affected 
by  rainfall  or  excessive  temperatures  during  the  business 
hours  of  week  days,  but  on  hot  Saturday  afternoons  and 
Sundays  the  volume  was  greatly  increased.  Heavy 
rain  on  a  Sunday  morning  resulted  in  a  concentration 
of  most  of  the  day's  traffic  in  the  afternoon  hours, 
causing  much  congestion. 

In  determining  the  character  of  highway  usage,  data 
were  recorded  for  2,415,000  vehicles  observed  at  25 
important  intersections  throughout  the  State.  Counts 
were  made  of  the  numbers  of  passenger  cars,  busses, 
ami  trucks,  the  latter  being  subdivided  by  rated  capaci- 
ties. Table  1  shows  the  percentages  of  the  three  princi- 
pal chisses  of  vehicles  according  to  place  of  registration. 

Table  1. — Classification,  of  traffic  by  type  of  vehicle  and  place  of 
registration 


Classification 

Rhode 
Island 

Foreign 

Total 

Passenger  cars  - 

Trucks .. 

l'i  ret  lit 
70.  6 
7  :t 
.9 

Pera  ill 
19  7 

1    4 
.  1 

l'i  ra  lit 

yo.  :i 

S.  7 
1.0 

Total 

78.8 

21.2 

Kill  II 

Passenger  cars  constituted  over  90  percent  of  the 
total  volume  of  traffic  on  the  State  highway  system. 
During  the  summer  of  1934,  in  addition  to  the  usual 
summer  attractions  the  presence  of  a  naval  fleet  at 
Newport,  horse  races  at  Narragansett,  and  the  inter- 
national yacht  cup  races  drew  many  visitors  from  other 
States.  On  the  average  week  day  20.4  percent  of  the 
passenger  cars  were  from  outside  the  State,  and  on 
Sundays  the  percentage  was  24.2. 

Trucks  constituted  nearly  9  percent  of  the  total 
traffic.  The  classification  of  trucks  by  rated  capacity 
is  shown  in  table  2.  Truck  traffic  on  Sundays  was 
about  4  percent  of  the  total  traffic  volume  for  the  day, 
while  on  week  days  it  constituted  approximately  ID 
percent. 

Table  2. — Classification  of  trucks  by  rated  capacity  and  place  of 
registration 


Haled  capacity 


u  to  I  ',->  tons,  inclusive 
]  I;  to  .r)  tons. 
5  Ions  and  over 

Total..     ... 


Rhode 
Island 


l'i  ir,  a' 
49  6 
25.  0 
9.  2 


83.  8 


Foreign 


Percent 

• 
5.2 
a   2 


16  2 


Total 


I',  I  CI  III 

55.  4 
30.  2 
14.4 


Kill  () 


AVERAGE  SPEED  OF  VEHICLES  FOUND  TO  BE  .14  MILES  PER  HOUR 

In  this  survey  particular  attention  was  given  to  the 
measurement  of  the  speed  of  vehicles.  Vehicles  were 
timed   by   stop   watches  over  a   measured  course  and 


January  1936 


PUBLIC    ROADS 


239 


their  speeds  were  computed.  Nearly  (175,000  vehicles 
were  observed  at  160  stations  over  five  different  periods 
aggregating  27  days.  The  average  speed  of  all  vehicles 
was  found  to  be  33.8  miles  per  hour.  Speeds  of  week- 
day and  Sunday  traffic  by  types  of  vehicles  are  shown 
in  table  3. 

Vehicle  speeds  were  relatively  high  in  the  early 
morning  business  hours,  and  decreased  sharply  be- 
tween 2  and  5  p.  m.  A  marked  increase  in  speed 
occurred  between  5  and  7  p.  in.,  and  during  the  later 
evening  hours  the  lowest  speeds  of  the  day  were  ob- 
served. The  most  striking  decrease,  of  about  3  miles 
per  hour,  occurred  at  dusk.  Speeds  again  rose  to  a 
peak  in  the  small  hours  of  the  morning. 

The  effects  of  grades  and  curves  and  of  weather  con- 
ditions on  vehicle  speed,  as  far  as  could  be  determined 
from  the  data  obtained  in  this  study,  were  negligible. 
However,  the  observations  were  made  on  sections  of 
road  improved  according  to  high  standards  of  design 
and  there  were  no  sharp  curves  or  steep  grades. 

Foreign  cars  traveled  at  speeds  averaging  2.1  miles 
per  hour  faster  than  Rhode  Island  cars.  Possibly  this 
was  because  the  drivers  of  foreign  car's  were  making 
longer  trips  and  were  more  concerned  with  saving 
tune,  or  perhaps  because  they  had  newer  or  better- 
conditioned  cars. 

Unaccompanied  drivers  drove  faster  than  the  drivers 
with  passengers  by  1.3  miles  per  hour.  There  seemed 
to  be  no  significant  differences  in  the  speeds  of  cars 
driven  by  men  and  those  driven  by  women. 

Table  3. — Average  vehicle  speeds  mi  weekdays  and  Sundays 


Classification 


I'XSSC'IIL'I'I'  CHI'S 

Light  trucks 

Heavy  trucks 

Busses 

Weighted  avera; 


Week  days 


Mill  .*  per  hour 
34.  1 
31.2 
28  t 
30.  5 


33.  9 


Sundays 


Total 


I ii  r  li"i/i 
33  ;, 
31.  I 

29,  I 

30.  1 


[3    I 


Milts  pi  r  hour 
34.  2 

31.2 
28.  4 

30  4 


13  8 


A  wide  difference  of  opinion  between  the  Stale  police 
and  the  average  driver  as  to  safe  speeds  is  indicated  by 
the  difference  between  the  speeds  observed  and  the 
speeds  posted  on  the  "safe  speed"  signs  along  certain 
roads  by  the  State  police.  The  percentage  of  drivers 
exceeding  the  posted  limits  ranged  from  10.7  percent  at 
45-miles-per-hour  signs  to  80.1  percent  at  20-miles-per- 
hour  signs.  Observations  made  at  13  stations  showed 
that  37.7  percent  of  the  drivers  drove  from  5  to  9  miles 
per  hour  faster  than  the  signs  indicated,  and  that 
30  percent  exceeded  the  limits  by  from  10  to  14  miles 
per  hour.  !t  should  be  noted,  however,  that  under  the 
present  laws  and  regulations  such  signs  are  advisory 
only,  and  while  the  rather  general  disregard  of  their 
warnings  may  be  considered  as  a  challenge  of  the  judg- 
ment used  in  placing  the  signs,  it  does  not  indicate  a 
lack  of  control  by  the  police. 

MANY  DRIVERS  FAIL  TO  OBEY   "STOP"  SIGNS 

A  considerable  part  of  the  field  work  was  devoted  to 
the  observation  of  driver  habits  with  reference  to 
traffic  control  devices.  The  results  showed  that  0.77 
percent  of  the  drivers  and  41.7  percent,  of  the  pedes- 
trians crossed  intersections  against  red  lights,  and  I  1.1 
percent  of  the  pedestrians  crossed  diagonally. 


Studies  of  observance  of  caution  signals  (Hashing 
yellow  lights  suspended  over  intersections)  were  made 
at  nine  locations.  Practically  all  vehicles  approached 
the  locality  of  these  signals  at  speeds  in  excess  of  15 
miles  per  hour  and  were  recorded  as  reducing  speed  to 
15  miles  per  hour  or  as  failing  to  reduce  speed.  The 
value  of  these  observations  is  influenced  by  possible 
inaccuracies  in  estimating  speed.  The  records  show 
that  54.8  percent  of  the  drivers  on  week  days  and  31.8 
percent  of  the  drivers  on  Sundays  exceeded  15  miles 
per  hour  while  passing  the  signals,  even  though  at  the 
stations  where  these  counts  were  made  there  were 
15  percent  more  drivers  on  Sunday  than  on  the  average 
weekday. 

A  study  of  "stop"  sign  observance  showed  that  in 
this  respect  drivers  of  commercial  vehicles  were  more 
careful  than  drivers  of  passenger  cars.  More  than 
220,000  drivers  were  observed  during  1  week.  They 
were  classified  as  follows:  ( 1  )  Made  full  stop ;  (2)  almost 
stopped,  that  is,  reduced  speed  to  less  than  3  miles  per 
hour;  (3)  entered  slow-,  3  to  15  miles  per  hour;  and  (4) 
entered  fast,  over  15  miles  per  hour.  A  relatively  small 
number,  O.fi  percent,  were  in  the  fourth  class.  Table  4 
contains  a  summary  of  the  observations. 


Table   4. — Observance 


of   "Slop"    signs 
traffic 


by   different    classes    nj 


1  (river's  action 

Passenger 

cars 

( 'ommerciat 
vehicles 

Total 

I'i  ra  nl 
44    1 
'.».(   1 
20  II 
6.  8 

Percent 

52.2 
27  1 
15.9 

4  .=> 

Per ci  nl 

14.9 

IN   'J 

Entered  slow.              

19.6 
6  6 

Total 

Hill  II 

Kill  II 

101).  0 

The  percentage  of  obedience  (vehicles  made  full  stop 
or  almost  stopped)  at  urban  and  suburban  stations  was 
much  higher  than  at  rural  stations,  SO.'.)  percent  as 
compared  to  63.9  percent. 

CURBS    AND    NARROW     SHOULDERS    FORCE    TRAFFIC    TOWARD 
(ENTER  OF  ROAD 

Rhode  Island  is  probably  the  only  State  in  which  the 
entire  State  highway  system  and  many  town  roads  have 
traffic  lanes  marked  with  continuous  6-inch  white 
lines  on  the  road  surface.  During  an  8-day  period  the 
behavior  of  over  622,000  drivers  with  respect  to  these 
lanes  was  observed,  on  4-lane  roads  at  IS  stations,  on 
3-lane  roads  at  3  stations,  and  on  2-lane  roads  at  23 
stations.  The  results  are  shown  in  table  5,  and  repre- 
sent lane  observance  on  tangents. 

The  greater  safety  of  four-lane  roads  was  shown  by 
the  low  percentage  of  vehicles  driven  on  the  wrong  side 
of  the  road.  However,  the  greater  freedom  of  move- 
ment permitted  by  four  lanes  had  an  undesirable 
effect  shown  by  the  excessive  straddling  of  lanes. 
Straddling  decreased  as  the  traffic  volume  increased,  so 
it  may  be  concluded  that  the  lane  markings  are  most 
effective  when  they  are  most  needed,  that  is,  when 
traffic  is  heaviest. 

The  effect  of  curbs  and  shoulders  on  the  observance 
of  traffic  lanes  was  also  studied.  The  observations 
indicate  clearly  that  mental  hazards  caused  by  condi- 
tions along  the  roadside  have  a  marked  effect  upon  the 
i<  'ontinued  on  p.  243) 


AUTOMATIC  PUMPING  UNITS  FOR 

UNDERPASSES 

Reported  by  MARTIN  DEUTERMAN,  Junior  Civil  Engineer,  Division  of  Bridges,  Bureau  of  Public  Roads 


UNDERPASSES  are  sometimes  used  for  the  elimi- 
nation of  grade  crossings  in  cities  and  other 
built-up  sections  where  gravity  drainage  cannot  be 
obtained.  There  are  locations  where  an  overpass 
would  be  built  if  the  most  effective  way  of  serving 
highway  traffic  were  the  only  factor  considered,  but 
other  considerations  such  as  the  effect  on  values  of  adja- 
cent property  result  in  the  selection  of  an  underpass. 

At  some  locations  a  clearance  of  14  feet  and  satis- 
factory sight  distances  can  be  obtained  only  by  placing 
the  structures  so  that  an  automatic  pumping  unit  is 
necessary  or  more  economical  than  other  methods  ol 
draining.  When  deciding  between  a  pumping  unit 
and  other  methods  of  draining,  it  should  be  borne  in 
mind  that  if  the  pumping  unit  fails  to  operate  during  a 
rainstorm  the  underpass  will  be  unusable. 

Figure  1  shows  four  underpasses  equipped  with 
automatic  pumping  units. 

CAREFUL  DESIGN  NECESSARY  TO  INSURE  AUTOMATIC  OPERATION 

The  drainage  system  and  pumping  unit  should 
have  ample  capacity  to  care  for  all  ground  water  that 
may  be  encountered.  In  many  locations  that  appear 
dry  on  the  surface  ground-water  streams  are  found 
during  excavation.  The  drainage  area  served  by  the 
pumps  may  sometimes  be  reduced  by  the  use  of  gravity 
sewers  and  ditches.  In  the  design  of  catch-basin 
inlets  intended  to  divert  water  from  the  underpass, 
special  care  is  necessary  to  prevent  water  flowing 
with  considerable  velocity  from  passing  by  openings 
intended  to  intercept  it  and  flowing  into  the  drainage 
area  served  by  the  pumps.  This  can  be  prevented  by 
lengthening  and  depressing  the  catch-basin  opening 
more  than  usual.  In  the  drainage  system  served  by 
the  pumping  unit,  the  openings  in  the  gratings  over  the 
catch-basin  inlets  should  be  small  enough  to  catch  all 
material  too  large  to  pass  through  the  pumps.  The 
roadway  glades  and  catch-basin  inlets  shook!  be 
designed  so  that  no  water  stands  in  the  roadway  either 
during  or  after  storms.  The  road  surface  should  have 
a,  crown  throughout  the  underpass  and  should  not  be 
"dished"  for  center  drainage,  because  of  the  traffic 
hazard. 

The  pump  may  he  placed  in  the  sump  or  in  a  dry 
well  adjacent  to  the  sum]).  Where  a  dry  well  is  used, 
the  walls  should  lie  made  as  waterproof  as  practical 
and  a  small  sump  should  be  placed  in  the  floor  of  the 
well.  This  small  sump  can  he  unwatered  by  a  small 
suction  pipe  tapped  to  the  main  suction  pipe,  with 
liand-operated  cut-off  valves  in  both  the  main  and  small 
suction  pipe. 

The  suction  pipe  should  be  placed  below  the  floor  of 
the  sump  with  the  floor  of  the  sump  sloping  toward  it. 
This  arrangement  lias  the  advantage  that  sediment  is 
not  allowed  to  collect  on  the  floor  of  the  sump  and  the 
amount  of  water  remaining  after  the  pump  cuts  off  is 
less.  Sediment  should  not  be  allowed  to  collect  on  the 
floor  of  the  sump,  as  it  will  interfere  with  the  proper 
working  of  some  types  of  automatic-control  mechan- 
isms. Water  remaining  in  the  sump  may  become  a 
breeding   place    for   mosquitoes.      If   no   ground   water 
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reaches  the  sump  between  rains  and  it  is  practical  to  tap 
some  nearby  water  supply,  it  is  good  practice  to  admit 
water  to  the  sum])  at  such  rate  as  to  cause  the  pump 
to  operate  every  day  or  two.  This  will  prevent  the 
water  from  stagnating,  and  when  the  station  is  inspected 
the  water  flow  can  be  increased  so  his  to  cause  the  equip- 
ment to  operate.  The  equipment  is  less  apt  to  stick 
if  it  is  operated  frequently  than  if  it  is  allowed  to  stand 
idle  for  a  long  period  of  time. 

The  dry -well  sump  and  the  main  sump  may  be  kept 
dry  between  rains  by  drains  in  locations  where  the 
foundation  soil  affords  suitable  drainage. 

Suction  and  discharge  pipes  of  sufficient  size  and 
with  large  radius  bends  will  reduce  the  friction  load  on 
the  pump.  A  pipe  6  to  f2  inches  in  diameter  will 
usually  be  adequate.  Separate  supports  for  the  dis- 
charge pipe  at  the  floor  of  the  sump  or  dry  well  and 
sometimes  at  the  ceiling  are  necessary  to  reduce  the 
eccentric  load  on  the  pump  base.  A  check  valve  should 
be  placed  in  the  discharge  line  to  prevent  the  water 
from  limning  the  motor  backwards  when  the  unit  cuts 
off.  If  the  gravity  outfall  sewer  is  located  close  to  the 
pump  house  the  friction  head  on  the  pump  will  be 
decreased.  The  size  of  the  outfall  pipe  should  be  suffi- 
cient to  carry  the  maximum  output  of  the  pumps 
without  pressure,  ft  is  preferable  to  have  the  discharge 
pipe  empty  into  a  manhole,  but  if  the  discharge  goes 
directly  into  the  outfall  pipe,  a  reducer  long  enough  to 
prevent  excessive  turbulence  should  be  used. 

The  pumping  units  usually  used  are  the  vertical 
centrifugal  or  turbine  types  designed  for  handling  wafer 
conveying  trash  ami  suspended  matter  and  capable  of 
passing  a  sphere  of  a  specified  diameter.  The  specified 
diameter  of  the  sphere  is  usually  about  1  inch  less  than 
the  diameter  of  the  pump  discharge  for  discharges  up 
to  6  inches,  and  about  2  inches  less  for  discharges  over  0 
inches.  A  unit  will  be  required  with  a  capacity  at  least 
great  enough  to  discharge  the  maximum  run-off  of  the 
drainage  area  into  the  gravity  outlet  against  the  maxi- 
mum head,  including  friction  head. 

The  pump  should  be  of  sturdy  construction,  made  by 
a  reliable  manufacturer,  and  should  be  mounted  on  a 
rigid  cast-iron  base  that  can  be  bolted  to  a  concrete 
foundation.  A  pump  with  parts  easily  accessible  and 
removable  will  reduce  the  cost  of  cleaning,  repairing, 
and  replacement.  The  suction  elbow  should  be  sup- 
plied with  an  easily  removable  cleanout  plug. 

The  shall  connecting  the  pump  to  the  motor  should 
be  large  enough  to  operate  the  pump  at  all  times  without 
whip  or  vibration.  Lateral  shaft  supports  should  be 
placed  at  intervals  of  not  more  than  5  feet.  The  shaft 
should  have  a  flexible  connection  at  the  pump  and  rigid 
connections  at  other  joints.  An  additional  flexible 
connection  just  below  the  motor  will  prevent  any  errors 
in  alignment  of  tin1  bearings  from  causing  the  motor  to 
wobble. 

CAREFUL  ADJUSTMENT  AND  FREQUENT  INSPECTIONS  NECESSARY 
TO  AVOID  FAILURE  DURING  STORMS 

There  should  be  a  radial  bearing  in  the  motor,  one 
in    the    pump,   and   one   at    each    lateral   support  of   the 
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An  Underpass  Under  Construction  in 
Bowie  County,  Tex.  The  Pump  House 
is  Under  the  Left  Span. 
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An   Undkhpass   in    Pinal   County,    Ariz. 


A\'  Uxdekpass  ix  Adams  County,  Nebr. 
The  Pump  House  Is  Behind  the  Right 
Abutment. 


An  Underpass  ix  Harris  County,  Tex. 
The  Pump  House  Is  Shown  in  the 
Upper  Left. 


Figure  1.— Typical  Underpasses  Requiring  Drainage  by  Pump.wg.     Note  Water  Standing  in  Roadway  in  Three  of 

the  Pictures. 
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shaft.  In  addition,  there  should  be  a  combination 
thrust  and  radial  bearing  in  the  motor  to  carry  the 
weight  of  the  revolving  parts  above  the  flexible  con- 
nection, and  also  one  in  the  pump  to  carry  both  the 
weight  of  the  revolving  parts  below  the  flexible  con- 
nection and  the  hydraulic  thrust  of  the  pump.  II  an 
additional  flexible  connection  is  used  just  below  the 
motor,  another  thrust  bearing  will  be  required  to  carry 
the  weight  of  the  shaft.  It  is  preferable  to  place  this 
thrust  bearing  in  the  base  of  the  motor.  The  bearings 
will  require  a  lubrication  system  that  will  keep  them 
bathed  continuously  in  oil  or  grease,  the  lubrication 
system  being  serviced  from  the  control  house.  With 
the  pump  in  a  dry  well  the  pump  bearings  and  the 
lowest  shaft  bearing  should  be  capable  of  functioning 
properly  while  submerged.  With  the  pump  in  a  sump 
all  the  bearings  that  would  be  under  water  if  the  pumps 
failed  to  operate  during  a  storm  should  be  capable  of 
functioning  property  while  submerged. 

The  power  unit  should  be  a  standard-make  electric 
motor  capable,  of  starting  and  operating  the  pump 
under  maximum  load,  without  overheating,  with  the 
electrical  power  available.  The  motor  should  be  of 
the  vertical-shaft  type,  dust  and  dirt  proof,  and  should 
have  a  rigid  base  for  properly  bolting  it  to  the  control- 
house  floor.  Undervoltage  or  overload  protection 
should  be  provided.  If  two  or  more  pumps  are  used 
an  automatic  alternator  will  be  required  that  will  trans- 
fer the  operation  from  one  pump  to  another  or  allow 
as  many  pumps  to  operate  as  are  required  to  care  for 
the  water. 

The  automatic  control  device  may  be  of  the  float, 
mercury-switch,  or  any  other  type  that  will  give  satis- 
factory service.  The  device  should  be  set  to  start  the 
motor  after  the  water  is  high  enough  to  prime  the  pump 
and  to  stop  the  motor  when  the  water  surface  is  as  low 
as  it  can  be  gotten  with  the  automatic  device  used  or 
before  it  reaches  the  intake  of  the  suction  pipe.  The 
adjustments  of  the  control  device  should  be  such  that 
it  could  be  set  to  start  and  stop  the  motor  at  any  de- 
sired head  of  water  in  the  sump  within  practical  limits. 
In  the  float  type  of  control  sediment  accumulating 
under  the  float  may  prevent  it  from  getting  low  enough 
to  cut  off  the.  motor.  .Sediment  accumulated  around 
the  lower  end  of  the  tube  that  actuates  the  mercury- 
switch  type  of  control  may  prevent  a  change  in  pressure 
in  the  tube  and  may  cause  the  device  to  fail  to  operate. 
A  manually  operated  switch  should  be  installed  in 
addition  to  the  automatic  switch. 

The  control  house,  sump,  and  dry  well  should  be  con- 
structed with  doors,  windows,  trap  doors,  manholes, 
and  ladders  arranged  so  as  to  facilitate  installation, 
inspection,  and  repair  of  the  pumping  unit  and  fittings. 
The  control  room  should  be  ventilated  with  louvers  in 
opposite  walls.  The  elevation  of  the  control  room 
should  be  such  that  if  the  pump  fails  to  operate  the 
room  will  not  be  flooded. 

The  plans  and  specifications  for  the  equipment  and 
installation  should  be  prepared  by  a  competent  engi- 
neer. The  plans  should  show  the  general  construction 
and  sectional  views  of  the  pump  together  with  char- 
acteristic curves  showing  capacity,  efficiency,  brake 
horsepower,  and  other  data  necessary  to  determine  the 
quality  of  the  materials  used  and  the  fitness  of  the 
apparatus  for  the  service  intended . 

All  electrical  equipment  and  installations  should 
conform  to  the  code  of  the  National  Board  of  Fire 
Underwriters. 


After  completion  of  the  installation  in  every  detail,  it 
should  be  tested  by  filling  the  sump  and  allowing  the 
unit  to  operate  as  planned.  This  test  should  be  re- 
peated until  all  defects  are  corrected  and  adjustments 
made.  It  is  advisable  to  make  acceptance  of  the  station 
subject  to  satisfactory  performance  during  these  tests. 

Regular  inspections  should  be  made  to  insure  the 
proper  operation  of  an  automatic  pumping  station. 

Table  1  lists  pertinent  data  for  a  number  of  pumping- 
station  installations. 

In  May  1935  reports  were  made  to  the  Texas  State 
Highway  Department  by  its  division  engineers  on  the 
functioning  and  adequacy  of  installations  made  in 
recent  years.  These  reports  gave  the  following  data 
for  some  of  the  Texas  projects  listed  in  table  1. 

NRM  474,  Bowie  County. — The  type  of  control  that 
requires  that  the  bottom  of  the  sump  house  be  kept 
perfectly  clean  and  free  from  mud  is  unsatisfactory. 
Very  often  the  mud  is  not  cleaned  out  and  the  switch 
fails  to  operate. 

The  pump  operates  properly,  but  during  heavy  rain- 
storms the  underpass  has  been  flooded  to  a  depth  of 
about  3  feet,  closing  the  underpass  to  traffic.  The 
pump  lacks  the  capacity  to  dispose  of  the  water  fast 
enough  during  heavy  rains. 

The  sewer  inlets  at  a  nearby  street  intersection  do  not 
carry  as  much  water  as  they  might,  because  of  the 
grade  of  the  street  and  the  size  of  the  grate  openings. 
If  the  grates  could  be  replaced  by  grates  with  larger 
openings,  much  more  water  would  be  diverted  from  the 
pump  house. 

NRM  417-E,  Colorado  County. — The  unit  has  op- 
erated satisfactorily  with  one  exception  when  power 
service  was  interrupted  by  an  electrical  storm.  The 
equipment  has  been  given  several  very  thorough  tests 
during  heavy  rain  storms. 

The  pumping  unit  has  a  sump  and  dry  well  separated 
by  a  concrete  wall.  The  intake  of  the  pump  is  placed 
higher  than  the  bottom  of  the  sump,  and  the  electrical 
starting  and  stopping  device  is  so  set  that  the  pump 
does  not  start  until  there  is  approximately  28  inches  of 
water  in  the  sump,  or  sufficient  water  to  prime  the 
pump.  After  the  pump  has  stopped  this  water  remains 
in  the  sump  and  deposits  silt  on  the  bottom.  In  future 
installations  the  intake  of  the  pump  should  be  placed 
below  the  elevation  of  the  sump  and  the  bottom  portion 
of  the  sump  should  be  constructed  so  as  to  form  a 
tapered  section  or  funnel  shape.  This  would  cause 
any  sediment  that  might  be  deposited  in  the  sump  to 
be  carried  out  through  the  pump.  In  this  way  the  sump 
would  be  dry  except  during  rain  storms  and  the  pump 
would  prime  itself  as  soon  as  sufficient  rain  water 
accumulated. 

SP  073-B,  Fori  Bend  County;  NRM  512-J,  Harris 
County;  FAP  514-D,  Harris  County;  FAP  565-B, 
Harris  County;  and  NRM  535-E,  Harris  County. — 
When  these  pumping  units  were  first  installed,  it  was 
difficult  to  adjust  the  automatic  control  mechanisms 
properly.  Only  after  3  to  4  hard  rains  were  the  adjust- 
ments properly  made.  After  the  equipment  was  once 
properly  adjusted,  it  seldom  failed  to  work  and  then 
failure  was  usually  caused  by  lightning  or  wind  causing 
current  failure.  These  pumping  units  have  adequately 
handled  the  rain  water  from  all  storms  that  have 
occurred  since  installation  of  the  pumps. 

SP  873-B,  unit  3,  Navarro  County. — This  pumping 
unit  has  functioned  properly  and  has  given  satisfactory 
service. 
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Table   1. —  Typical  punt ping-stal 'ion  installations 


Project  location  and  no. 


Bowie     County,      Tew, 
NRM  474. 


Colorado   County,   Tex., 
NRM  417-E. 


Fort  Bend  County,  Tex 
SP973-B. 


Harris     County,     Tex., 

NRM  512-J. 
Harris      County,      Tex., 

FAP514-D. 


Harris      County,      Tex. 
FAT'  5fi5-B. 


Harris      Count  v,      Tex., 
NRM  535-E. 


Navarro    County,    Tex., 
SP873-B  unit  3. 


Taylor     County,     Tex 
NRM  5S1. 


Pinal      County,       Ariz., 
NRS  100-C. 


Adams    County,    Nehr., 
NRM  109-B. 


Date  of  contract 


Feb,  12,  1(131. 


do. 


Feb.  19,  1934. 


In  tailed  in  1932. 
Feb   27,  1931 


Aug    1,  1931. 


ran    '.  1934 


Kept.  21,  1931. 


Contract    not 
awarded  to  date 


Jan.  23,  1935  (date 
of  estimate). 


Mar.  If,,  1934. 


Type  of  motor 


7J£-horsepower,  3-phi 
cycle,  220-volt.     Self-con- 
tained oiling  system.  Mer- 
cury switch  control. 


7i.i-horsepower,  3-phase,  fid- 
cycle,  220-volt.  Self-con- 
tained oiling  system.  Mer- 
cury switch  control. 

15-horsepower,   3-phase,    60- 

cycle,  220-volt.  Sell-con- 
tained oiling  system. 
Float  control. 

15-horsepower.  Mercury 
switch  control 

15-horsepower,  3-phase,  fifi- 
(  ycle,  -'2ii  volt.  Self-con- 
tained oiling  system. 
Float  control 

15-horsepower,  3-pbase,  60- 
cycle,  220-volt.  Self-con- 
tained oiling  system. 
Mercury  switch  control 

20-horsepower,  3-phase,  fin- 
cycle,  220-volt.  Self-con- 
tained oiling  system 
Mercury  switch  control 


15-horsepower,   3-phase,   60- 

cycle.  22o-volt.  Self-con- 
tained oiling  system. 
Float  control. 

25-horsepower,  3-phase,  00- 
cycle,  220-volt.  Self-con- 
tained oiling  system. 
Mercury  swilch  control.1 

2motors,  3-horsepower  each, 

40°  rating,  line  start,  in- 
duction, 3-phase,  60-cycle, 
220-volt.  Molor,  shaft, 
and  pump  lubricated  by 
electrically  operated  auto- 
matic oiler.  Float  conlrol. 
20-horsepower,  3-phase,  60- 
cycle,  220-volt.  Induction 
type.     Float  control. 


Size  of  pump 


1,000  gallons  per  minute  against 
11-foot  head,  fi-inch  vertical  cen- 
trifugal type  with  8-inch  suction 
and  capable  of  passing  a  4-inch 
sphere. 


700  gallons  per  minute  against  21- 
ioot  head,  fi-inch  vertical  centrif- 
ugal type  with  8-inch  suction 
and  capable  of  passing  a  4-inch 
sphere. 

1,000  gallons  per  minute,  against  23- 
foot  head,  5-inch  vertical  centrif- 
ugal type  with  6-inch  suction 
and  capable  of  passing  a  4-inch 
sphere. 

1.0(10  gallons  per  minute  against 
33-foot  head. 

i,i»io  gallons  per  minute  against 
ol  head,  .ri-inch  vertical 
centrifugal  type  with  fi-inch  suc- 
tion and  capable  of  passing  a 
4-inch  sphere. 

Mini)  gallons  per  minute  against 
22'  i  loot  head,  .'-inch  vertical 
centrifugal  type  with  6-inch  suc- 
tion and  capable  of  passing  a 
4-inch  sphere. 

2,000  gallons  per  minute  apainst 
20-foot  head,  6-inch  vertical  cen- 
trifugal  type  with  8-inch  suction 
and  capable  of  passing  a  ;  inch 
sphere. 


1,000  gallons  per  minute  against 
20-foot  head,  5-inch  vertical  cen- 
trifugal type  with  6-inch  suction 
and  capable  of  passing  a  4-inch 
sphere, 

'.,((00  gallons  per  minute  against 
24-foot  head.  8-inch  vertical  cen- 
trifugal type  with  8-inch  suction 
and  capable  of  passing  a  4-inch 
sphere. 

2  al  250  gallons  per  minute  each 
against  35-foot  head  (static  20 
feet,  friction  15  feet).  4-inch 
vertical  centrifugal  or  turbine 
type  capable  of  passing  a  3-inch 
sphere. 

1,500  gallons  per  minute  against 
20-foot  head  at  850  revolutions 
per  minute,  vertical,  single- 
stage,  open-impeller  type.  8- 
inch  suction  and  discharge  ca- 
pable of  passing  a  2-inch  sphere. 
Pump  suspended  by  discharge 
pipe  and  pipe  enclosing  shaft. 


Cost  of  equipment 


$1,500.  Includes  sump, 
motor  house,  pump,  mo- 
tor, and  oilier  appurte- 
nances required  for  receiv- 
ing and  discharging  water. 


$2,000.  Includes  pump,  mo- 
tor, and  other  appurte- 
nances required  for  receiv- 
ing and  discharging  water 

$2,100.  Includes  pump,  mo- 
tor, switch  floats,  pipes 
and  fittings  connected 
with  pump,  and  motor, 

$3,000,  Estimated  replace- 
ment cost. 

$2,fit;n.  Include-  motor,  mo- 
tor house,  pump,  well,  and 

sump. 


Manhole  covers  $57,  auto- 
matic pump  unit  :?2,4oo. 
motor-house  door  $15.  cost 
of  well  and  oilier  work 
$3,338,  total  $5,810. 

Motor  house,  dry  well,  and 
sump  $2,10(1,  automatic 
pumping  unit  $2,150.  total 
$t,250. 


Automatic  drainage  unit 
$1,850,  well  and  other  work 
$2,095,  total  $3,945. 


Automatic    pumping  unit 

$3,000,  motor  house  $350, 

concrete     for     dry  well 
$1,126,  total  $4,47fi. 

$3,100.  Includes  pump 
house,  sump,  dry  well,  and 
equipment  in  place. 


Pump  house  $808,  pump 
and  electric  wiring  $3,600, 
total  $4.10*. 


Cost  of  maintenance 


Minimum  rate  $1  per 
month.  In  last  5 
months  meter  has  reg- 
istered 109  kilowatt 
hours  at,  $0.02  per  kilo- 
watt-hour, 1  gallon  of 
oil  and  1  quart  of  com- 
pression  grease  bought 
in  April  1935. 

Average   cost,    $8.50   per 
month. 


Average    cost,    $21     per 
month. 


Do. 
Do. 


Do. 


Division  engineer  did 
not  make  a  report  of 
cost;  $23  per  month  a: 
sumed  to  be  in  line 
with  costs  of  other  in- 
st  illations  in  same  divi 
sion. 

Average     cost     $13    per 
month. 


1  This  particular  installation  will  not  be  made  hut.  the  data  are  given  as  being  typical. 


(Continued  from  p.  239) 
Table   5. — Lane  observance  on  tangents 


Driver's  action 

4-lane  roads 

3-lane  roads 

2-lane  roads 

Drove  in  first  lane. 

Percent 

57.5 

29.3 

1 1  9 

1.3 

Percent 

84  7 
9.  1 
6.2 

Perct  nt 

92.8 

Straddled  line... 

Drove  in  second  lane ...  __  ... 

Drove  left  of  center  line . 

7.2 

Total. 

100.0 

100.0 

100.0 

Table  6. — Traffic  classified  by  lane  observance  mi  hills  and  curves 


Roads 

Stayed  in  first 
lane 

Crossed  center 
but  did  not  pass 

Passed  other 
vehicles 

Hills 

Curves 

Hills 

Curves 

Hills 

Curves 

2-lane 

Percent 
93.4 
88.9 

92.5 

Percent 
93.7 
73.  1 

Percent 
2.8 
2.4 

Percent 

4.8 

24.3 

Pert  nl 

3.8 

8.7 

Perci  nt 
1.  5 

3-lane    

2.6 

Combined.. _ 

89.8 

2.7 

8.5 

4.8 

1.7 

driver.  Wide  shoulders  induced  traffic  to  stay  in  the 
outside  lanes;  narrow  shoulders  increased  the  tendency 
to  straddle;  and  permanent  raised  curbs  not  only  caused 
straddling,  but  tended  to  cause  the  motorists  to  drive 
completely  out  of  the  correct  lanes. 

The  dangerous  practice  of  passing  on  hills  and  curves 
was  studied  during  two  periods  of  6  and  4  days  each, 
269,000  drivers  being  observed  at  13  hill  and  13  curve 
stations  on  2-  and  3-lane  roads.  The  results  are  sum- 
marized in  table  6. 

NEARLY   ALL  VEHICLES  FOUND  TO  OBSERVE   VEHICLE  LIGHT 
REQUIREMENTS 

Rhode  Island  regulations  require  that  every  motor 
vehicle  must  show  2  headlights  and  1  taillight  beginning 
one-half  hour  after  sunset.  Observations  were  made 
for  8  successive  days  during  the  hours  from  8  to  10 
p.  m.  Of  the  79,200  cars  observed,  only  3.5  percent 
violated  this  law  in  any  degree.  The  results  of  this 
study  are  shown  in  table  7. 

The  greatest  percentage  of  cases  where  no  headlights 
were  shown  occurred  during  the  hour  from  8  to  9  p.  m., 
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Table  7. —  Traffic  classified  by  lights  displayed  during  different 
intervals  at  night 


Lights  displayed 

5  to 

!!  p.  111. 

9  to 

1(1  n.  in. 

Total  3 
to  10 

Head 

Tail 

p.  in 

Perct  ill 

Percent 

I;  mid 

o 

1 

'.)'<  'J7 

H'S   13 

96.  47 

2 

0 

1 .  75 

l   12 

1.61 

1 

1 

.61 

39 

52 

1 

0 

.06 

.02 

111 

0 

1 

.77 

.  02 

.46 

0 

0 

1.54 

.02 

.90 

Tot! 

ll. 

100  00 

mo.  oo 

100.00 

indicating  that  some  of  the  drivers  were  slow  in  turning 
on  their  lights. 

Drivers  observed  at  urban  and  suburban  stations 
made  a  much  better  record  than  those,  passing  rural 
stations,  as  may  be  seen  from  the  following  percentages 
of  lighting  violations:  Urban,  2.7  percent;  suburban, 
2.6  percent;  and  rural,  4.3  percent. 

The  survey's  value  as  an  unemployment  relief  project 
is  shown  in  the  cost  figures.  The  total  cost  of  the 
survey  was  $89,961.76,  and  of  this  sum  $85,342.49,  or 
94.87  percent,  were  paid  as  wages  and  salaries.  The 
employment  provided  aggregated  159,135  man-hours. 


(Continued  from  p.  237) 

Traffic  volume  at  54  points  on  the  Connecticut  high- 
way system  increased  255  percent  between  the  traffic 
surveys  in  1922-23  and  1933-34,  exceeding  the  rate  of 
increase  in  gasoline  consumption  over  the  same  period. 
Traffic  has  increased  more  rapidly  on  the  State  highway 
system  than  upon  all  roads  in  the  State.  New  and 
shorter  routes  with  better  pavement  and  alinement, 
longer  sight  distances,  and  easier  grades  have  caused 
some  shifting  of  traffic  from  old  routes,  but  in  no  in- 


stance is  a  State  route  carrying  less  traffic  at  present 
than  it  carried  during  the  1922-23  traffic  survey. 

A  total  of  1,786  miles  of  trunk-line  and  State-aid 
highways  have  been  classified  on  the  basis  of  present 
traffic  as  follows:  Sections  carrying  1,500  or  more 
vehicles  per  day,  major  class;  sections  carrying  500 
to  1,499  vehicles  per  day,  medium  class;  and  sections 
cariying  less  than  500  vehicles  per  day,  minor  class. 
Almost  913  miles,  or  51  percent,  are  in  the  major  class; 
660  miles,  or  37  percent,  are  in  the  medium  class;  and 
213  miles,  or  12  percent,  are  in  the  minor  class. 


LEGEND 

X^_)  TOTAL  TRUCK  TRAFflC 

t^~\  OWNER  OPERATOR 

t^\  CONTRACT  HAULER 

TOTAL  TRUCK    TRAFFIC  4fc  COMMON  CARRIER 

Figure  14. — Distribution  of  Inter-City  Truck  Traffic  Terminating  in  15  Principal  Cities  of  Connecticut,  by  Class  of 
Operation.  Areas  of  Circles  are  Proportional  to  Percentage  Distribution  of  Total  Truck  Traffic  Between 
These  15  Cities. 
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COMPLETE  CANVASS  OF  MOTOR-VEHICLE  TRANSPORTATION  TO  BE  MADE 

By  Ralph  L.  Dewey,  Chief,  Transportation  and    Communications  Divisions,  Census  of  Business 


The  Census  of  Business,  covering  the  calendar  year 
1935,  enumeration  for  which  began  January  2,  1936, 
is  the  most  comprehensive  project  of  its  kind  ever 
undertaken,  and  will  for  the  first  time  include  motor- 
vehicle  operations  for  lure. 

Comparable  projects  have  been  completed  in  other 
years,  but  they  were  limited.  In  1930,  a  census  of 
distribution  covering  1929,  was  taken.  In  1934  a 
census  of  American  business  for  1933  was  made,  but 
it  was  limited  to  distribution,  service  businesses, 
amusement  enterprises,  and  hotels. 

The  rapid  change  in  our  entire  economic  structure 
has  created  a  demand  on  the  part  of  business  leaders 
for  more  complete  data  concerning  the  activities  of 
American  business.  Requests  from  business  men  and 
chambers  of  commerce  determined  the  scope  of  the 
work.  Representative  organizations  in  all  business 
fields  are  working  with  the  Census  Bureau  to  make  the 
project  of  maximum  value. 

KIND  OF  MOTOR  TRANSPORTATION  INFORMATION  TO  HE 
COLLECTED 

Kind  oj  business. — A  complete  canvass  of  commercial 
motor-vehicle  transportation  will  be  made.  This  wdl 
include  both  the  transportation  of  commodities  and 
persons.  Both  freight  and  passenger  carriers  will  be 
classified  as  doing  either  a  local,  intrastate,  or  inter- 
state business.  The  area  covered  will  determine  the 
classification  of  a  given  carrier.  A  local  carrier  will  be 
one  operating  within  a  given  city  and  the  immediately 
surrounding  area,  even  though  a  State  line  may  be 
crossed.  Operations  between  Philadelphia,  Pa.,  and 
Camden,  N.  J.,  Chicago,  111.,  and  Whiting,  Ind., 
Cincinnati,  Ohio,  and  Covington,  Ky.,  and  similar 
operations  will  be  considered  local.  A  distinction  will 
also  be  made  between  contract  anil  common  carriers 
for  both  bus  and  truck  operators. 

Operating  revenue  and  expenses. — Data  for  total 
operating  revenue  and  expenses  of  commercial  motor- 
vehicle  operators  for  1935  will  be  collected.  Revenue 
will  be  classified  according  to  the  type  of  services 
rendered.  Thus  revenue  received  from  warehousing 
and  storage,  terminal  operations,  transportation  of 
persons,  transportation  of  commodities,  etc.,  will  be 
listed  separately.  Expenses  will  not  be  allocated  on 
the  same  basis  but  rather  collected  in  terms  of  total 
expenses  for  the  year.  Pay-roll  data,  however,  will  be 
collected  separately  from  all  other  operating  expenses. 

Detailed  employment  data  for  a  sample  week  (that 
ending  nearest  Oct.  26,  1935)  will  be  collected.  These 
will  include  the  number  of  full-time  and  part-time  em- 
ployees and  the  pay  rolls  for  each.  Employees  will  be 
classified  in  terms  of  functions  performed  such  as  office 
and  clerical,  warehousing  and  platform,  transportation 
crews,  maintenance,  servicing,  etc. 

Inventory  oj  equipment. — A  complete  inventory  of 
equipment  will  be  obtained.  In  the  case  of  trucks  the 
number  and  age  of  trucks,  semitrailers,  trailers,  and 
tractors  in  operation  or  available  for  operation  in 
October  1935  will  be  listed.     The  first  three  of  these 


Retail  trade. 
Wholesale  trade. 
Construction. 

Hotels. 
Amusements. 

Business  services. 

Operation      of      nonresidential 

buildings. 
Advertising  agencies. 
Nonprofit  organizations. 


types  will  be  classified  by  capacities.  For  motorbusses 
the  number  and  age  of  sightseeing,  school,  and  other 
busses  will  be  obtained.  These  will  be  grouped 
according  to  capacities. 

Value  of  the  survey. — The  survey  of  the  motor  trans- 
portation-for-hire  business  will  be  only  one  aspect  of  the 
1935  Census  of  Business.  Other  business  enterprises 
covered  by  this  census  will  include: 

Warehousing. 
Broadcasting. 
Distribution  of  manufacturers' 

sales  (channels  of  primary 
distribution). 

Insurance  (carriers,  agents,  and 
brokers) . 

Real  estate  (agents  and  brok- 
ers). 

Banking  and  finance. 

For  all  these  fields  of  business  endeavor  the  number 
of  establishments,  sales,  number  of  employees,  pay 
rolls,  etc.,  will  be  obtained.  All  such  data  will  be  col- 
lected and  published  by  important  geographical  areas. 
The  position  of  motor  transportation  in  this  picture 
will  be  readily  ascertainable.  A  careful  analysis  of 
these  data  should  provide  a  partial  index  to  motor 
transportation  possibilities  in  given  areas.  The  trans- 
portation industry  should  be  highly  interested  in  obtain- 
ing an  accurate  picture  of  the  character  and  extent  of 
commercial  motor-vehicle  transportation. 

Many  values  of  this  survey  will  prove  themselves  as 
the  data  are  collected  and  made  public.  While  abso- 
lutely no  information  will  be  given  out  which  will  dis- 
close the  identity  of  any  individual  operator,  the  com- 
bined reports  of  a  number  of  operators  in  a  given  terri- 
tory will  provide  an  excellent  statistical  picture  of  the 
industry.  These  data  can  be  coordinated  and  corre- 
lated with  the  information  received  from  other  parts  of 
the  Census  of  Business  Survey. 

Field  work  for  the  census  began  January  2,  1936. 
Headquarters  for  the  project  have  been  set  up  in 
Philadelphia,  where  Fred  A.  Gosnell,  experienced  head 
of  the  previous  business  census,  is  chief  statistician  in 
charge. 

Only  sworn  employees  of  the  Bureau  of  the  Census 
are  permitted  to  examine  the.  individual  returns.  No 
access  to  them  is  permitted  under  the  law,  not  even  to 
other  governmental  agencies,  and  no  information  will 
be  disclosed  which  would  reveal  any  of  the  facts  or 
figures  in  the  returns. 

Such  a  complete  survey  of  business  could  not  be 
more  timely  and  useful  than  the  one  covering  1935. 
Every  effort  will  be  made  to  expedite  reports  so  as  to 
make  available  the  maximum  useful  information  with  a 
minimum    of  delay. 

The  field  work  will  be  completed  witliin  3  months 
after  the  enumeration  starts.  The  first  preliminary 
report  of  basic  facts,  by  States,  will  be  issued  about 
July  1,  1936.  Soon  after  the  State  reports  are  com- 
pleted, special  statistics  for  retail  trade  will  be  released 
as  rapidly  as  possible. 
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A  METHOD  OF  PREDICTING  SETTLEMENT 
OF  FILLS  PLACED  ON  MUCK  BEDS 

DATA  FROM  COMPRESSION  TEST  USED  IN  ESTIMATING  RATE  AND  AMOUNT  OF  SETTLEMENT 

Reported  by  F.  A.  ROBESON,  Junior  Highway  Engineer,  Division  of  Tests  > 

SETTLEMENT  of  fills  on  muck  soils  is  one  of  the 
oldest  problems  with  which  engineers  have  had  to 
deal.  Until  recently  the  only  guides  in  predicting 
settlement  were  records  of  observed  settlements  of  fills 
thought  to  have  been  placed  under  conditions  similar 
to  those  affecting  the  fill  for  which  estimates  were  being 
made.  Only  very  limited  records  are  available,  and 
for  most  of  the  older  fills  that  have  settled  the  amount 
of  settlement  cannot  be  ascertained.  In  railroad 
valuation  work  in  the  swamps  in  the  Southeastern 
States  there  was  considerable  discussion  as  to  the 
amount  to  be  allowed  for  earthwork  that  could  not  be 
measured  readily  because  of  fill  settlement. 

Many  fills  must  be  placed  on  muck  beds  of  sedi- 
mentary origin  that  are  below  the  normal  water  level. 
Samples  of  the  muck  may  contain  considerably  more 
moisture,  by  weight,  than  solid  material.  The  beds 
range  from  a  few  feet  up  to  30  feet  or  more  in  thickness 
and  generally  rest  upon  sandy  or  gravelly  material  of 
relatively  stable  character. 

It  has  been  observed  that  when  fill  material  is  placed 
on  muck  with  distinctly  fluid  characteristics,  the  weight 
of  the  fill  causes  muck  to  flow  outward  and  upward  at 
the  sides  of  the  fill.  Mounds  of  muck  are  formed  that 
tend  to  produce  a  condition  of  equilibrium.  At  the 
same  time  the  weight  of  the  fill  on  the  muck  layer 
forces  contained  water  to  escape  by  seepage  through 
the  muck  and  the  layers  of  material  above  and  below 
it.  If  these  layers  are  porous,  final  settlement  will  be 
attained  more  quickly  than  when  the  escaping  water 
sncounters  considerable  resistance.  Seepage  of  water 
and  fill  settlement  continue  until  a  condition  of  equi- 
ibrium  between  muck  stability  and  weight  of  fill  is 
reached — generally  a  matter  of  several  years. 

Knowledge  of  these  characteristics  has  been  used  to 
mprove  methods  of  fill  construction.  Fills  have  been 
constructed  by  first  placing  a  windrow  of  material  along 
iach  edge  of  the  proposed  fill  so  as  to  trap  the  top  layer 
)f  fluid  muck  and  partly  prevent  the  escape  of  muck 

0  the  sides.  Fills  are  also  placed  in  layers  so  as  to 
illow  time  for  the  muck  to  consolidate  under  moderate 
aad  rather  than  subject  it  immediately  to  a  heavy 
pressure  that  forces  the  flow  of  large  quantities  of  muck 
rom  beneath  the  fill.  When  possible,  granular  material 
s  used  for  the  lower  portion  of  the  fill  to  facilitate 
scape  of  water  pressed  from  the  muck  by  the  weight 
f  the  fill. 

No  satisfactory  method  for  determining  fill  settle- 
uent  in  advance  of  construction  has  been  developed, 
studies  made  in  connection  with  the  construction  of  a 
ydraulic  fill  on  muck  soil  at  Four  Mile  Run  on  the 
lount  Vernon  Memorial  Highway  have  resulted  in  the 
evelopment  of  methods  of  estimating  settlements 
ased  on  tests  of  undisturbed  muck  samples  and  data 
n  the  weight  of  the  fill  and  depth  of  the  muck  deposit. 

1  This  report  supplements  the  report  entitled  "A  Study  of  Hydraulic  Fill  Settle- 
ment", by  Henry  Aaron,  Public  Roads,  vol.  15,  no.  1,  March  1934. 
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Fill  at  Four  Mile  Run  Immediately  After  Construction. 
Picture  Taken  at  Low  Tide. 

Comparison  has  been  made  between  the  actual  per- 
formance of  soft  undersoils  under  the  particular  condi- 
tions existing  at  Four  Mile  Run  with  the  performance 
suggested  by  laboratory  and  mathematical  analysis. 
Settlement  of  the  fill  and  the  moisture  contents  of  the 
soil  beneath  the  fill,  as  computed  from  the  results  of 
tests  on  samples  of  undisturbed  undersoil,  are  compared 
in  the  following  pages  with  actual  settlements  measured 
in  the  field  and  with  moisture  contents  of  samples  taken 
from  beneath  the  fill. 

In  constructing  the  fill,  gravel  was  pumped  from  the 
river  bed  by  the  hydraulic  method  and  placed  on  a  layer 
of  soft  river-bottom  sediment,  10  to  30  feet  thick,  rest- 
ing on  a  firm  sand  foundation. 

The  general  plan  of  the  improvement,  the  longitudinal 
profile  of  the  fill  material,  and  the  manner  in  which  it 
was  deposited  are  shown  in  figure  1.  Figure  2  shows 
cross  sections  of  the  fill. 

SAMPLE  BORINGS  TESTED  IN  THE  LABORATORY 

Because  of  slides  and  settlement  during  construction, 
the  quantity  of  fill  material  placed  was  considerably 
greater  than  was  originally  estimated  to  be  needed. 
Six  months  after  completion  of  the  fill,  borings  were 
made  through  the  fill  material  and  muck  undersoil  as 
part  of  an  investigation  of  the  factors  responsible  for 
the  necessity  of  using  excess  fill  material. 

The  borings  were  of  two  kinds:  Probe  borings, 
marked  "P",  in  figure  1,  that  disclosed  only  the  general 
character  of  the  material  penetrated;  and  sample 
borings,  marked  "S",  that  furnished  samples  of  the 
soft  undersoil  in  the  undisturbed  natural  state  in  addi- 
tion to  information  on  the  general  character  of  the 
material  penetrated. 

Data  obtained  from  laboratory  tests  made  it  possible 
to  estimate  (1)  the  ultimate  settlement  of  the  fill;  (2) 
the  settlement  that  may  be  attained  during  any  time 
interval  after  construction;  (3)  total  settlement  after 
any  period  of  time  due  both  to  lateral  flow  of  the  soft 
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SECOND  LIFT  -  TWO  PIPE  LINES  50  FEET  APART  - 
GRADE  FOR  HYDRAULIC  FILL" 


+  SEC0ND  LIFT -TWO  PIPE  LINES  S  FEET  APART 


14  f  J 


ESTIMATED 


IIMAILDy  __--- 


'PENETRATION  OF  GRAVEL  IN  MUCK 
BOTTOM  PLOTTED  FROM  BORINGS 


_i i i_ 


180 


185 


STATION    NUMBER 


'DEC' 


FILL  PLACED  DURING  NOVEMBER  1929 
FIRST   LIFT 

FILL  PLACED  DURING  DECEMBER  1929 
SECOND  LIFT 


Y4m'A 


FILL  PLACED  DURING   JANUARY     1930 
SECOND  LIFT 

FILL  PLACED  DURING  FEBRUARY    1930 
•  SECOND  LIFT 


190  I9f 

FILL  PLACED  DURING    MARCh     1930 

SECOND  LIFT 
PROBE  BORING  NO  I 
SAMPLE   BORING  NO'l 


Figure  1. — Location  of  Borings  and  Progress  in  Constructing  Hydraulic  Fill  at  Four  Mile  Run,  Mount  Vernon  \ 

Memorial  Highway. 


STATION   175*50 


STATION    187  +  00 


200  150  iso  50  cl  so  100  iso  200 

Figure  2. — Cross  Sections  of  Fill  as  Indicated  by  Borings. 

undersoil  during  the  construction  and  to  subsequent 
consolidation  of  the  undersoil;  and  (4)  the  degree  of 
consolidation  as  indicated  by  tbe  moisture  content,  at 
any  given  depth  in  the  undersoil  at  any  time  subsequent 
to  construction  of  the  fill. 


The  laboratory  examinations  included  determina-i- 
tions  of  the  physical  characteristics  of  the  constituents 
of  the  undersoil  by  the  plasticity  and  shrinkage  tests, 
and  of  the  load-deformation  relations  of  the  undersoil 
in  both  undisturbed  and  remolded  states  by  means  of 
the  Terzaghi  compression  test. 

In  all,  10  core  samples  were  tested  for  natural 
moisture  contents  and  plasticity  and  shrinkage  con- 
stants. The  results  are  shown  in  table  1.  It  should 
be  first  noted  (table  1)  that  the  agreement  of  osberved 
natural  moisture  contents  with  the  liquid  limits  is 
generally  good,  further  substantiating  the  findings 
of  Dr.  Terzaghi.2 

Table  1. — Results  of  laboratory  tests  on  cores 


Boring  no. 

Core  no. 

Moisture 

content, 

natural 

state 

Liquid 
limit 

Plasticity 
index 

Shrinkag 
limit 

S-2 

2 

{    \\ 

5 

I J 

76 
108 
120 
107 
125 

64 
105 
116 

79 
117 

77 
103 
128 
131 
132 
89 
96 
112 
62 
79 

38 
49 
66 
64 
69 
48 
47 
61 
30 
36 

. 

S-4 __ 

S-5 

;  i 

S-6 

S-7 

i  i 

: ) 
.  1 

'  These  cores  were  nonuniform  and  were  not  suitable  for  compression  tests.  Thei 
fore,  they  are  not  considered  In  the  analysis  of  the  test  data. 

The  plasticity  indexes  and  shrinkage  limits  an 
plotted  against  liquid  limits  in  figures  3A  and  31 , 
respectively.     Soil  classification  criteria  3  indicate  the 

i  See  Simplified  Soil  Tests  for  Subgrades  and  Their  Physical  Significance,  by  I 
Charles  Terzaghi,  Public  Roads,  vol.  7,  no.  8,  October  1926. 

s  See  Soil  Constants,  by  C.  A.  Hogentogler,  A.  M.  Wintermyer,  and  E.  A.  Will ! 
pt.  3,  Public  Roads,  vol.  12,  no.  5,  July  1931. 
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Figure  3. — Physical  Characteristics  of  Muck  Sample. 


these  samples  have  the  properties  of  the  A-8  subgrade 
group  with  less  plasticity  and  more  elasticity  than  the 
highly  flocculated  clays  of  the  A-7  group. 

Whereas  purely  inert  fine  clay  particles  could  furnish 
the  plasticity  indicated  by  curve  3,  such  particles 
would  produce  shrinkage  limits  indicated  by  curve  5. 
Plastic  colloidal  clays  with  decomposed  organic  matter, 
however,  containing  elastic  materials  such  as  fibrous 
organic  matter  or  diatoms,  would  have  the  constants 
shown  in  figures  3A  and  3B. 

The  fact  that  the  plotted  plasticity  indexes  and 
shrinkage  limits  have  approximately  a  straight-line 
relation  to  the  liquid  limits  indicates  variation  m  sand 
content  only.  Considerable  change  in  character  of  fine 
material  would  cause  corresponding  variations  from 
the  straight-line  relation. 

TERZAGHI  COMPRESSION  DEVICE  DESCRIBED 

The  essential  features  of  the  Terzaghi  compression 
device  4  are  illustrated  in  figure  4.  A  soil  sample  is 
placed  between  two  porous  stones,  the  upper  one 
forming  the  base  of  a  piston  which  loads  the  sample. 
Water  drains  freely  from  both  faces  of  the  sample 
under  pressure  and  passes  through  the  stones,  escaping 
from  overflow  orifices  a  and  b.  This  egress  of  water 
reduces  the  thickness  of  the  sample  which  cannot  be 
deformed  laterally.  The  compression  of  the  sample 
s  measured  by  very  sensitive  micrometer  dials. 

Loads  are  applied  in  successive  increments,  each 
oad  being  about  double  the  preceding  one,  the  maxi- 
num  being  equal  to  or  greater  than  the  pressure  on 
;he  stratum  from  which  the  sample  was  taken.  The 
tensity  of  the  sample  at  various  stages  of  the  loading 
s  indicated  by  either  the  moisture  content  or  the 
atio  of  pores  to  solids  and  is  termed  the  voids  ratio 
»f  the  soil  mass.8    Each  load  increment  is  allowed  to 

'  *  See  Subgrade  Soil  Constants,  Their  Significance,  and  Their  Application  in  Prac- 
ce,  by  C.  A.  Hogentogler,  A.  M.  Wintermyer,  and  E.  A.  Willis,  Public  Roads, 
ol.  12,  no.  4,  June  1931;  Principles  of  Final  Soil  Classification,  by  Dr.  Charles  Ter- 
jighi,  Public  Roads,  vol.  8,  no.  3,  May  1927;  Soil  Mechanics  Research,  by  Dr.  Glen- 
on  Qilboy,  Proceedings  American  Society  of  Civil  Engineers,  vol.  57,  no.  8,  October 
131;  and  The  Structure  of  Clay  and  Its  Importance  in  Foundation  Engineering,  by 
•rthur  Casagrande,  Journal  of  the  Boston  Society  of  Civil  Engineers,  vol.  19,  no.  4, 
Ipril  1932. 

P  Voids  ratio,  e,  equals  moisture  content,  w,  multiplied  by  the  specific  gravity  of 
le  soil  solids,  G,. 


LOAD 


Figure  4. 


-Essential  Elements  of  Terzaghi  Compression 
Device. 


act  until  further  consolidation  of  the  sample  under 
that  load  is  immeasurable.  Thus  the  voids  ratio  at 
any  stage  of  loading  indicates  the  maximum  density 
likely  to  be  produced  by  the  corresponding  load. 

In  the  determination  of  the  load-deformation  char- 
acteristics of  the  material  in  the  natural  state  the 
samples  were  transferred  from  the  hermetically  sealed 
containers  in  which  the  soil  was  placed  at  the  time  of 
sampling  to  the  testing  apparatus  with  as  little  dis- 
turbance as  possible. 

A  disk  of  undisturbed  material  was  carefully  cut 
from  each  core,  trimmed  to  the  correct  diameter  with 
a  piano  wire  saw,  and  carefully  placed  in  the  testing 
apparatus.  This  transfer  was  made  in  a  damp  closet 
to  prevent  loss  of  moisture  from  the  sample. 

TEST  FURNISHES  LOAD-COMPRESSION,  LOAD-EXPANSION,  AND 
TIME-COMPRESSION  DATA 

In  the  test  to  determine  properties  of  the  disturbed 
material,  a  sample  of  soil  from  each  core  was  first 
thoroughly  manipulated  by  means  of  a  spatula  with 
no  addition  of  water  and  then  carefully  placed  in  the 
testing  apparatus. 

The  compression  test  furnishes  three  relations  as 
follows: 

1.  Load-compression,  or  relation  between  voids 
ratio  and  increasing  load. 

2.  Load-expansion,  or  relation  between  voids  ratio 
and  decreasing  load. 

3.  Time-compression,  or  relation  between  percent- 
age of  consolidation  and  time. 

Curves  presenting  these  relations  are  shown  in 
figure  5.6  They  were  based  on  tests  of  a  remolded 
sample  from  core  no.  5,  boring  S-6,  located  80  feet  to 
the  left  of  the  eenterline,  station  178  +  50. 

•  In  the  compression  test  the  loads  are  expressed  in  kgs  per  sq.  cm.  One  kg  per  sq. 
cm  equals  2,048.5  pounds  or  approximately  1  ton  per  sq.  ft.  For  convenience  in  pre- 
senting the  analysis  of  the  compression  test  data,  therefore,  kgs  per  sq.  cm  and  tons 
per  sq.  ft.  are  used  more  or  less  interchangeably. 
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100  PERCENT    IN    LABORATORY 
AT   131  5   MINUTES 


Figure  5.— Compression  and  Expansion  Test  Results  on 
Disturbed  Material  From  Core  No.  5. 

According  to  the  load-compression  curve,  figure  5, 
increasing  the  load  from  0.048  kilogram  per  square 
centimeter  to  0.113  kilogram  per  square  centimeter 
compresses  the  sample  from  a  voids  ratio  of  2.87 
(moisture  content  110.4  percent)  to  a  voids  ratio  of 
2.54  (moisture  content  of  97.7  percent).  According 
to  the  load-expansion  curve,  decreasing  the  load  from 
0.4  kilogram  per  square  centimeter  to  0.1  kilogram  per 
square  centimeter  increases  the  voids  ratio  from  1.91 
(moisture  content  73.5)  to  2.03  (moisture  content 
78.1).  According  to  the  time  compression  curve,  52 
percent  of  the  above  compression  occurs  in  25  minutes. 
Thus  the  voids  ratio  of  the  sample  25  minutes  after 
the  load  was  increased  from  0.048  kilogram  per  square 
centimeter  to  0.113  kilogram  per  square  centimeter 

equals  2.87 -~  X  (2.87-2.54)  or  2.70. 

The  relative  periods  of  load  application  producing 
equal  percentages  of  compression  in  the  soil  strata  and 
in  their  representative  laboratory  samples  depend  upon 
the  relative  distances  that  water  must  travel  to  escape. 
If  the  field  stratum  is  free  to  drain  from  both  upper  and 
lower  surfaces  (as  when  between  two  permeable  layers) 


the  ratio  of  the  rate  of  compression  of  the  stratum  to 
that  of  the  laboratory  sample  representing  it  is  equal  to 
the  ratio  of  the  squares  of  their  respective  thicknesses. 
If,  however,  the  stratum  can  drain  from  only  one  surface 
then  the  ratio  of  the  two  rates  of  compression  is  equal 
to  four  times  the  ratio  of  the  squares  of  their  respective 
thicknesses.     This  will  be  developed  later. 

To  illustrate,  assume  that  a  load  of  0.048  kilogram 
per  square  centimeter  that  has  acted  for  a  long  time  on 
a  muck  layer  10  feet  thick  is  increased  to  0.113  kilogram 
per  square  centimeter.  Considering  that  the  curves, 
figure  5,  represent  the  laboratory  test  on  a  sample  of 
the  field  layer,  the  voids  ratio  of  the  field  layer  will 
decrease  from  2.87  to  2.54  ultimately  under  this  new 
load.      This    represents    a    decrease    in    thickness    of 

2  87—2  54 

1-1-2  87  ^100  or  8.5  percent  of  the  total.  Conse- 
quently the  ultimate  thickness  equals  (1.00— 0.085)X 
10  or  9.15  feet,  a  compression  of  0.85  foot.  If  the  labora- 
tory sample  is  0.4  inch  thick  at  a  voids  ratio  of  2.87, 
the  ratio  of  the  time  to  effect  consolidation  of  the 
stratum  to  the  time  to  produce  the  same  condition  in 

(10X12)2 
the  sample  is     ,„  .,2  -  or  90,000  to  1.    In  other  words 

an  effect  is  produced  on  the  laboratory  sample  in  1 
minute  equivalent  to  that  produced  on  the  stratum  in 
the  field  in  90,000  minutes,  or  about  60  days.  The  time- 
compression  curve,  figure  5,  shows  that  15  percent  of  the 
consolidation  occurs  in  that  time.  Consequently  the 
thickness  of  the  muck  layer  60  days  after  the  increase 


in  load  was  10- 


<T(foX0-85) 


or  about  9.9  feet. 


COMPUTED   SETTLEMENTS   AGREE   CLOSELY  WITH   ACTUAL 
SETTLEMENTS 

For  reasons  noted  in  table  1,  four  of  the  core  samples 
were  considered  as  being  unsuited  for  use  in  the  settle- 
ment analysis.  Compression-test  data  for  the  remaining 
six  samples  are  shown  in  figure  6.  This  figure  shows  the 
profile  of  each  boring  and  the  compression  characteris- 
tics of  the  materials  in  both  the  natural,  or  undis- 
turbed state,  and  the  remolded,  or  disturbed  state. 

It  is  noted  that  in  every  instance  equal  loads  produced 
greater  compression  of  the  disturbed  material  than  of 
the  undisturbed  material.  This  action,  well  recognized 
by  foundation  engineers,  is  caused  by  a  breaking  down 
of  the  soil  structure  by  mixing. 

Tables  2  and  3  and  figure  7  show  computed  moisture 
contents  and  settlements  based  on  the  characteristics 
of  the  materials  and  these  values  are  compared  with 
actual  settlements  as  measured  and  moisture  contents 
as  determined  by  drying  samples. 

Table  2. — Computed  and  measured  moisture  contents 


Material 
from  core 

Moisture  content 

Computed 

Measured 

1 
2 

5 
(i 
9 
10 

Percent 
123 

60 
123 

77 

86 
109 

Percent 
108 
76 
125 

79 
105 
110 

February  1936 
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Table  3. — Estimated  settlements  caused  by  lateral  flow  that  occurred  during  construction  and  observed  '  and  computed  settlements  that 

occurred  after  construction 


40  feet  left  of  175+50 

At  175+50 

30  feet  right  of  175+50 

30  feet  left  of  1 

78+50 

At  178+50 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Core 
2 

Core 
10 

Core 
2 

Core 
10 

Core 
2 

Core 
10 

Core 
2 

Core 
10 

Core 
2 

Core 
10 

Feet 
0.2 
.6 
.7 
.9 
1.0 
1.6 

3.5 

Feet 
0.9 
2.2 
2.8 
3.1 
3.4 
4.0 

1.9 

Feet 
0.3 

.8 
1.0 

Feet 
0.3 
.6 
.8 
.9 
1.0 
1.7 

3.2 

Feet 
0.9 
2.2 
2.8 
3.1 
3.3 
3.9 

1.6 

Feet 
0.4 
.9 
1.1 
1.4 
1.6 

Feel 
0.3 
.6 
.8 
.9 
1.0 
1.6 

3.1 

Feet 
1.0 
2.2 
2.8 
3.  1 
3.3 
3.8 

1.5 

Feet 
0.3 

.7 
.9 

Feet 
0.3 
.6 
.8 
.9 
1.0 
1.6 

2.4 

Feet 
0.9 
2.2 
2.8 
3.1 
3.3 
3.9 

.8 

Feet 
0.3 
.9 
1.1 

Feet 
0.2 
.5 
.6 
.7 
.8 
1.0 

4.4 

Feet 
0.9 
1.8 
2.1 
2.2 
2.3 
2.6 

3.1 

Feet 
0.2 

.7 

.9 

1.  1 

36  months . 

1.3 

30  feet  right  of  178+50 

20  feet  left  of  184+00 

At  184+00 

30  feet  right  of  184+00 

At  187+00 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Computed 

Meas- 
ured 

Core 
2 

Core 
10 

Core 
2 

Core 
10 

Core 
2 

Core 

10 

Core 
2 

Core 
10 

Core 
2 

Core 
10 

1  month     _     .  ..  .  _  

Feet 
0.2 

.5 

]8 
.9 
1.5 

3.0 

Feet 
0.9 
2.1 
2.6 
2.9 
3.  1 
3.6 

2.0 

Feet 
0.3 

.8 
1.  1 

Feet 
0.2 
.4 
.6 
.7 
1.0 
3.4 

2.9 

Feet 
0.4 
1.4 
2.3 
2.9 
3.8 
8.2 

1.9 

Feet 
0.2 
.8 
1.4 

Feet 

0.2 

.4 

.6 
.7 
1.0 
2.8 

4.9 

Feet 
0.4 
1.5 
2.2 
2.9 
3.7 
6.8 

3.8 

Feet 
0.3 
.9 
1.5 
1.9 
2.9 

Feet 
0.1 
.3 
.5 
.6 
.7 
1.7 

16.7 

Feel 
0.4 
1.4 
2.0 
2.5 
3.1 
4.7 

15.6 

Feet 
0.4 
1.0 
1.6 

Feet 
0.2 
.6 
.7 
.9 
1.2 
2.6 

5.3 

Feet 
0.6 
2.0 
2.8 
3.4 
4.2 
6.0 

3.8 

Feet 
0.5 

1.4 

1.9 

2.4 

36  months - 

3.1 

'  Measurements  on  centerline  locations  continued  after  construction  of  pavement. 

Data  for  10  locations  are  given  in  figure  7.  The 
shaded  bands  show  the  range  of  possible  settlements 
as  computed  from  data  obtained  by  tests  of  core  2 
material  representing  the  stiff  est  muck  and  core  10 
material  representing  the  softest  muck  in  the  deposit. 
Choice  of  these  two  was  made  on  the  basis  of  the  load- 
compression  and  time-compression  characteristics  of 
the  six  cores  investigated. 

Table  3  contains  the  settlement  data  from  which 
figure  7  was  plotted.  It  will  be  noted  that  for  the  four 
centerline  locations  the  measured  settlements  are  re- 
corded for  36  months.  This  is  because  only  the  levels 
at  the  centerline  location  were  continued  after  the 
construction  of  the  paved  roadway. 

According  to  table  3  the  losses  in  thickness  resulting 
from  lateral  flow  were,  in  many  cases,  much  greater 
than  the  computed  ultimate  settlements.  This  indi- 
cates that  these  losses  are  likely  to  be  proportionately 
greater  than  those  resulting  from  settlement  in  fills 
over  similar  muck  beds. 

All  of  the  observed  settlements  are  within  the  range 
of  the  computed  maximum  and  minimum  settlements. 
Since  the  computed  maximum  settlements  were  always 
greater  than  the  observed  settlements,  errors  in  the 
computed  settlements  are  on  the  conservative  side. 
The  differences  between  observed  and  computed  settle- 
ments and  moisture  contents  are  not  due  to  faulty 
theory  but  result  from  certain  assumptions  used  in  the 
computations  in  the  absence  of  information  that  could 
only  be  obtained  with  considerable  difficulty. 

ASSUMPTION  AS  TO  CHARACTER  OF  MUCK  MUST  BE  MADE  WITH 

CARE 

In  the  foregoing  computations  there  were  two  assump- 
tions that  are  most  likely  to  be  at  fault.  They  are 
that  the  muck  was  uniform  throughout  the  depth  of 
the  deposit  at  any  location  and  that  moisture  was  free 


to  flow  from  both  top  and  bottom  of  the  compressed 
layer.  Actually,  boring  S-7,  from  which  three  cores 
were  taken,  indicated  mucks  having  liquid  limits  vary- 
ing from  89  to  112,  and  boring  S-9,  from  which  two 
cores  were  taken,  had  a  liquid  limit  range  of  62  to  79. 

Visual  inspection  of  the  cores  showed  that  the  sand 
content  varied  considerably  within  the  depth  of  the 
cores  themselves.  This  was  positive  evidence  of 
nonuniformity  of  the  soil  within  a  1-foot  range. 

As  previously  stated,  the  rate  of  settlement  is  but 
one-fourth  as  rapid  when  the  water  is  free  to  flow  from 
only  one  face  instead  of  both  faces  of  the  soil  layer. 
The  intrusion  of  stiff  soil  laminations  into  a  more 
permeable  layer  tends  to  interfere  with  the  free  flow  of 
water  and  to  retard  the  process  of  settlement.  In  a 
layer  of  stiff  muck,  thin  deposits  of  soft  muck  tend  to 
increase  the  rate  of  settlement.  Therefore,  assuming 
free  flow  through  both  top  and  bottom  of  the  layer, 
settlements  computed  on  the  basis  of  the  stiff  muck 
are  apt  to  be  less  than  those  observed,  whereas  settle- 
ments computed  on  the  basis  of  the  soft  muck  will 
undoubtedly  be  larger  than  those  actually  occurring. 

This  is  illustrated  in  figure  8.  All  the  information 
in  the  case  of  boring  S-2  indicates  that  muck  repre- 
sented by  core  2  dominates.  As  is  shown  by  figure  8, 
the  observed  settlement  is  slightly  greater  than  that 
computed  on  the  basis  of  core  2  material. 

All  the  information  in  the  case  of  boring  S-7  indi- 
cates that  core  10  material  dominates  but  the  deposit 
contains  la}rers  of  core  9  material.  As  would  be  ex- 
pected, therefore,  the  observed  settlement  (full-line 
curve,  fig.  8)  lies  between  settlements  computed  on  the 
basis  of  the  materials  from  cores  9  and  10,  on  the 
assumption  of  free  flow  in  both  directions. 

The  observed  settlements,  however,  are  greater  than 
those  computed  on  the  basis  of  core  10  material  when 
free   to   discharge   water   from   one   face   only.     It  is 
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Figure  6. — Essential  Data  on  Core  Materials  Used  in  the  Analyses 
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indicated  that  the  laminations  of  core  9  material  re- 
tard the  flow  of  water  through  the  core  10  material 
but  do  not  completely  seal  off  the  flow  from  either  face. 
In  this  connection  it  can  be  noted  in  table  2  that 
there  is  a  much  better  agreement  between  the  com- 
puted and  measured  moisture  contents  of  core  10  ma- 
terial than  of  core  9  material. 

results  of  investigation  summarized 

The  study  of  conditions  at  Four  Mile  Run  has  re- 
sulted in  the  following  conclusions: 

1.  The  muck  at  Four  Mile  Run  belongs  to  the  truly 
unstable  group  designated  as  A-8.  It  is  distinguished 
by  high  water  capacity,  relatively  low  plasticity,  and 
high  elasticity. 

2.  The  wide  range  of  observed  moisture  contents — 
76  to  125  percent  of  weight  of  dried  soil — is  caused  by 
differences  in  the  compressibility  of  the  soil  at  different 
locations  in  the  deposit. 

3.  Differences  in  the  compressibility  of  the  soil  re- 
sult from  variations  in  the  clay  content  more  than  from 
variation  in  the  activity  of  the  clay  content. 

4.  The  agreement  between  the  computed  and  the 
observed  settlements  indicates  that  the  settlements  of 
soil  layers  in  place  follow  the  same  laws  used  in  the 
analysis  of  data  obtained  by  laboratory  compression 
tests.     The  lack  of  agreement  between  observed  and 


computed  settlements  is  caused  by  lack  of  uniformity 
of  the  soil  deposits.  The  theory  regarding  the  relative 
amounts  and  rates  of  consolidation  of  laboratory  samples 
and  field  strata  seems  entirely  sound. 

5.  The  agreement  between  the  computed  and  the 
determined  moisture  contents,  although  not  exact,  is 
close  enough  to  emphasize  that  wide  variation  in  ob- 
served moisture  contents  at  different  locations  in  a. 
soil  deposit  are  not  the  result  of  haphazard  circum- 
stances, but  instead  are  the  demonstration  of  fairly 
well  understood  physical  laws  that  control  the  consoli- 
dation of  sediments. 

6.  Close  agreement  between  observed  and  computed 
settlements  is  due  largely  to  the  uniformity  of  the  soil 
deposit  investigated.  The  greater  the  uniformity  the 
more  accurately  will  the  computed  settlements  indi- 
cate the  actual  settlements. 

7.  Lateral  flow  is  a  major  cause  for  concern  in  placing 
fills  on  muck  deposits  of  the  type  described.  Con- 
struction methods  that  will  lessen  or  prevent  lateral  flow 
are  highly  desirable  and  contribute  to  greater  accuracy 
in  forecasting  probable  settlements.7 

test  procedure  and  analysis  of  data  discussed 

The  foregoing  discussion  has  been  prepared  to  illus- 
trate in  a  general  way  how  problems  of  fill  settlement 

J  See  A  Study  of  Hydraulic  Fill  Settlement,  by  Henry  Aaron,  Public  Roads,  vol.  15, 
no.  1,  March  1934. 
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Table  4. — Data  furnished  by  the  combined  compression  and 
permeability  tests  on  Four  Mile  Run  core  sample  no.  5  remolded 
at  natural  moisture  content  l 

A— GENERAL  DATA 

Depth  of  soil  chamber,  start  of  test 0.4254  inches. 

Cross-sectional  area  of  compressibility  chamber,  A 38.5  sq.  cms. 

Lever  ratio  (loads  placed  directly  on  piston) 1:1. 

Cross-sectional  area  of  permeameter  tube,  a._ 0.10  sq.  cms. 

Specific  gravity  of  soil  solids,  G, - 2.60. 

Initial  moisture  content - -. 123.0  percent. 

Weight  of  water  at  end  of  test 21.05  grams. 

Weight  of  dry  soil  at  end  of  test _ 25.46  grams. 

Moisture  content  at  end  of  test - 82.7  percent. 

B— LOAD-COMPRESSION  AND  TIME-COMPRESSION  DATA 


Date 


Aug.  28... 

Do 

Aug.  29... 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Aug.  30... 

Do 

Do 

Sept.  1— 

Do 

Sept.  2.... 

Sept.  2— . 

Sept.  3.... 

Do 

Sept.  4.... 

Do 

Sept.  5.— 


Hour 


p.  m. 
2:20 
2:20 
1:30 
3:30 

3:30.  5 
3:31 
3:32 
3:33 
3:34 
3:35 
3:36 
3:38 
3:40 
3:42 
3:45 
3:50 
3:55 
4:00 
4:15 

a.  m. 
9:10 

p.  m. 
1:25 
3:30 
2:30 
4:35 
1:10 


Elapsed 

time 

(0 


Min- 
utes 


0 

,390 

0 

l' 
2 
3 

4 
5 


hi 
12 
15 
20 
25 
30 
16 


1,060 


1,315 
0 

2,820 
0 

1,235 


Load 


Incre- 
ment 


None-.. 
First... 
..do.... 
Second . 
..do.... 
...do.... 
...do— . 
...do.... 
...do.... 
...do— . 
...do... . 
...do.... 
...do.... 
...do.... 
...do... . 
...do... . 
...do.... 
...do.... 
...do.... 


.do. 


--do- 
Third., 
—do... . 
Fourth. 
...do- 


Total 
unit 
pres- 
sure (p) 


Kg  per 
sq.  cm 
None 
0.048 
.048 
.113 
.113 
.113 
.113 
f.113 
.113 
.113 
.113 
.113 
.113 
.113 
.113 
.113 
.113 
.113 
.113 


.113 


.113 
.244 
.244 
.634 
.634 


Micrometer  reading 


Left 


Inches 

X10-* 

0 

0 

379 

379 

418 

429 

444 

455 

464 

470 

478 


504 
516 
530 
547 
559 
586 


I'iVJ 


700 
700 


968 
1,329 


Right 


Inches 
X10-' 
0 
0 
379 
379 
416 
427 
443 
453 
463 
472 
480 
491 
501 
508 
513 
535 
550 
562 
588 


697 


713 

713 


1,305 


Aver- 


Inches 

xio-* 

0 


379 

379 

417 

428 

443.5 

454.5 

463.5 

471 

479 

490 

500 

506 

514.5 

532.5 

548.  5 

560.5 

587 


693 
706.5 


978 
U4~7~" 


Consolida- 
tion 


Inches 

xio-> 


0 
38 

49 
64.5 
75.5 
84.5 
92 
100 
111 
121 
127 
135.5 
153.5 
169.5 
181.5 
208 


314 

2  327. 5 


Per- 

cent 


0 

11.6 
15.0 
19.7 
23.1 
25.8 
28.1 
30.5 
33.9 
37.0 
38.8 
41.4 
46.9 
51.8 
55.4 
63.5 


95.9 
100.0 


C— LOAD-EXPANSION  DATA 


p.  m. 
3:25 

a.  to. 

11:45 
11:45 
9:10 
9:10 
9:30 


Third. 


...do 

Second.. 

...do 

First 

...do 


0.244 


.244 
.113 
.113 

.048 
.048 


1,329 


1,  2S4 
1,284 
1,218 
1,218 
1,114 


1,365 


1,314 
1,314 
1,250 
1,250 
1,144 


1,299 


1,234 


1,129 


D— PERMEABILITY  TEST  DATA  3 


Temper- 
ature (D 

Elapsed 
time 

Permea- 
meter 
tube 

reading 

Head  of  watery 

Date 

Ai 

h 

Aug.  30 

°C. 

27.2 

27.2 

Minutes 
0 

60 
0 

60 

0.11 
.26 
.11 
.25 

Cm 
24.14 

Cm 

22. 89 

Do 

24.14 

22.99 

Average 

24.14 

22.94 

1  Abbreviated. to  include^only  one  set  of  time-compression  readings  and  one  per 
meability  test. 
3  Total  consolidation  under  second  load  increment. 
J  For  test  performed  at  end  of  second  load  increment. 
*  Values  corrected  for  capillary  rise  in  permeameter  tube. 

may  be  attacked.  The  soil  specialist  dealing  with 
such  problems  will  desire  a  more  detailed  account  of 
the  procedure  involved.  In  the  following  pages  an 
effort  is  made  to  give  such  information. 

The  small  number  of  laboratories  equipped  to  make 
the  compression  test  follow  a  more  or  less  standard 


40  FEET   LEFT   STATION    175-50  -  BORING  S-2 


SK.HT   STATION    178-50  -BORING  P-8 


30FEET   LEFT    STATION    178  -50  -  BORING  S-  5 


)0  FEET  RIGHT    STATION    184.00  -BORING  P-11 


C7 

<y//£ 

CENTER   LINE   STATION    178*50  -BORING  Pi 


CENTtR   LINE    STATION    167.00  -BORING  P-19 


Figure  7. — Comparison  of  Measured  and  Estimated  Fill 
Settlements. 
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Figure  8. — Computed  and  Measured  Settlements  of  Rela- 
tively Stiff  and  Soft  Mucks. 

procedure  but  no  detailed  description  of  the  procedure 
is  known  to  have  been  published.  It  is  not  the  primary 
purpose  of  this  report  to  give  the  procedure,  but  the 
condensed  data  with  computations  and  explanations 
presented  in  table  4  will  enable  one  to  perform  the  test. 
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Table  4  shows  the  data  from  which  the  curves  of 
figure  5  were  drawn.  It  also  shows  the  results  of  one 
permeability  test.  The  permeability  test  is  not  used 
in  the  subsequent  analyses  and  is  presented  in  table  4 
only  because  it  is  usually  performed  in  conjunction 
with  the  compression  test.  In  performing  the  per- 
meability test  a  permeameter  tube  is  attached  to  one 
of  the  orifices  a,  figure  4,  with  the  other  orifice  a  closed, 
permitting  the  flow  of  water  through  the  soil  under 
known  heads,  the  water  escaping  through  orifice  b. 

Table  4-A  presents  such  general  information  concern- 
ing the  sample  and  apparatus  as  is  necessary  in  com- 
puting results.  If  routine  tests  are  not  contemplated, 
it  is  necessary  to  determine  the  specific  gravity  by  a 
separate  test. 

Table  4-B  presents  data  taken  during  the  applica- 
tion of  load  to  the  sample  and  includes  a  complete 
set  of  time-displacement  readings.  At  the  start  of 
the  test  a  pin  holds  the  piston  in  a  fixed  position  in  the 
cylinder.  Dial-type  micrometers  are  attached  and 
set  at  a  suitable  initial  reading,  which  was  zero  in  this 
case. 

Table  4-C  presents  the  load-expansion  data.  The 
loads  are  usually  removed  in  reverse  order  to  that  used 
in  the  load-compression  portion  of  the  test. 

Table  4-D  gives  the  permeability  test  data.  This 
test  is  usually  run  after  the  application  of  each  load 
increment  when  the  soil  has  reached  a  constant  voids 
ratio  for  that  load.  The  drop  in  head  as  measured  in 
a  permeameter  tube  is  noted  for  a  60-minute  interval. 
A  check  run  is  usually  made  to  make  sure  that  the 
apparatus  is  working  properly  as  leaky  apparatus  must 
be  guarded  against. 

Table  5  shows  the  computed  results  of  the  load-com- 
pression and  load-expansion  tests.  The  loads  and 
average  micrometer  readings  are  taken  from  table  4. 
The  thickness  of  the  soil  cake  can  be  determined  for 
all  loads  by  subtracting  the  average  micrometer  reading 
from  the  initial  depth  of  the  soil  chamber,  which  is 
0.4254  inch.  If  the  initial  micrometer  reading  is 
other  than  zero,  it  is  necessary  to  apply  a  correction 
to  each  average  reading  before  the  actual  thickness  of 
the  soil  cake  can  be  determined. 

Table  5. — Results    of   combined    compression    and    permeability 
lest  on  core  sample  no.  5,  remolded  at  natural  moisture  content 

LOAD-COMPRESSION  DATA 


Load 

Average 
microm- 
eter 
reading 

Thickness 

of  soil 

cake  (rf) 

Voids 
ratio 

Tem- 
pera- 
ture 

(T) 

Coefficient  of  perme- 
ability 

Increment 

Total 
pres- 
sure 
(P) 

For  T°  C. 
(KT) 

For  20°  C. 
(#20) 

None 

Kg  per 

sq.  cm 

0 

0.  048 
.  113 
.244 
.634 

Inches 

xio-< 

0 

379 

707 

978 

1.347 

Inches 
XtO-i 
4,254 
3.  875 
3,547 
3,276 
2,907 

3.  25 
2.87 
2.54 
2.27 
1.90 

°  C. 

Cm/ sec. 

xio-t 

Cm/sec. 

xio-« 

First.. 

Second 
Third 

27.2 

0.033 

0.028 

Fourth 

LOAD 

-EXPANS 

ION   D 

ATA 

Third 

0.244 

.113 
.048 
0 

1,299 
1,234 
1,129 

2,955 

3,020 

3,125 

i  3, 155 

1.95 
2.02 
2.12 
2.15 

Second 

First 

None 

1  Computed  value. 


CHANGES  MADE  IN   NOMENCLATURE 

The  nomenclature  used  in  this  report  differs  in  some 
respects  from  that  previously  published.  Changes 
were  made  for  the  purpose  of  clarity.  The  nomencla- 
ture is  as  follows: 

e= voids  ratio. 

<i= thickness  of  soil  sample  at  e  voids  ratio. 
d0=  thickness  of  soil  sample  at  zero  voids  ratio. 
W,= weight  of  dry  soil. 
Gs= specific  gravity  of  soil  solids. 
A— cross-sectional     area     of     compressibility 

chamber, 
^•^coefficient  of  permeability  (general  designa- 
tion). 
kT= coefficient  of  permeability  at  temperature 

T°C. 
a— cross-sectional  area  of  permeameter  tube. 
t2—tx= elapsed  time  for  permeability  measurement. 
hi  and  h2=the  heads  of  water  observed  at  times  U  and 
t2,  respectively. 
nT  and  n20= viscosities  of  water  at  T°  C.  and  20°  C, 
respectively. 
£20= coefficient    of    permeability    corrected    to 
20°  C. 
p= pressure  per  unit  area. 
Z?=intercept    of   straight-line  portion  of  the 
semilog  plot  of  the  compression  curve 
with  the  1.0  kilogram  per  square  centi- 
meter ordinate. 
Z=  slope  of  the  compression  curve  when  plotted 
on  a  semilog  scale  or  change  in  value  e  for 
unit  change  of  log  p. 
x=2-\-\ogp. 

d= voids  ratio  under  pressure  pu 
e2= voids  ratio  under  pressure  p2. 
di  =  thickness  of  soil  sample  at  ex. 
A  =  thickness  of  field  layer  at  e,. 
tf=time,  see  development  of  formula  7,  p.  261. 
^=time  required  for  soil  sample  to  consolidate 

from  ei  to  e2. 
tD  =  time  required  for  field  layer  to  consolidate 
from  ei  to  e2. 
IW,= weight  of  immersed  solid  material. 
V=  volume  of  soil  mass. 
6?^= specific  gravity  of  water. 
The  voids  ratio,  e,  can  be  computed  for  any  thickness 
of  soil  cake,  d,  by  the  formula 


(1) 


d 
e=-r-\ 

do 

The  value  of  d0  represents  the  thickness  of  the  soil 
cake  at  zero  voids  ratio  and  is  constant  for  any  single 
test.  It  is  determined  from  the  weight  of  dry  soil,  Ws, 
specific  gravity  of  soil  solids,  G„  and  area  of  soil  chamber 
A  by  the  formula 

W 

d»=O^A-  -(2 

Substituting  the  values  given  in  table  4  for  these 
factors  for  this  particular  test 


d0= 


25.46 


2.60X38.5 


=0.2545  centimeter  or  0.1002  inch. 


It  is'noted  from  table  5  that  the  thickness  of  the  soil 
cake  for  the  zero  load  of  the  rebound  is  given.     Since 
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the  weight  of  the  piston  is  acting  on  the  sample  as  long 
as  the  micrometers  are  in  position,  this  value  must  be 
computed.  Usually,  for  stiff  soils  the  load  of  the  piston 
at  the  final  micrometer  reading  is  considered  as  zero, 
but  in  soft  muck  soils  this  assumption  results  in  an  error 
of  measurable  proportions.  This  thickness  is  computed 
as  follows: 

According  to  the  data  in  table  4-A,  the  amount  of 
water  in  the  soil  at  the  end  of  the  test  is  21.05  grams. 
If  placed  separately  in  the  soil  chamber  this  water  will 
occupy  a  thickness  of 


21.05 


38.5X2.54 


=  0.2153  inch. 


Since  the  soil  has  a  thickness  of  0.1002  inch,  the  total 
thickness  of  soil  cake  for  zero  load  should  be  0.2153  + 
0.1002,  or  0.3155  inch.  This  method  is  sometimes  used 
to  check  the  results  on  stiff  soils. 

The  time-compression  relation  is  shown  for  the  second 
load  increment  in  table  4-B.  The  two  micrometer 
readings  were  averaged  and  the  total  deformation  under 
this  load  found  to  be  327.5  X10~4  inches.  Considering 
this  value  as  100  percent  compression  the  corresponding 
percentage  for  all  time  readings  are  computed  as  shown. 

The  coefficient  of  permeability,  k,  is  the  velocity  of 
flow  in  centimeters  per  second,  feet  per  second,  etc., 
at  a  hydraulic  gradient  of  unity,  that  is,  when  the  drop 
of  pressure  between  two  points  in  a  soil  column  equals 
the  horizontal  distance  between  the  points.  The  co- 
efficient of  permeability  is  dependent  on  temperature 
and,  accordingly,  the  practice  has  been  to  correct  all 
determined  values  of  k  to  20°  C.  The  general  formula  8 
for  computing  the  coefficient  of  permeability  kT  is 


k, 


2.3  ad 


lot 


h2~ 


(3) 


Afo-ti) 

in  which 

kT= coefficient  of  permeability  at  T°C. 
a  =  cross-sectional  area  of  the  permeameter  tube. 
d=the  thickness  of  the  soil  cake. 
A  =  cross-sectional  area  of  the  soil  cake  or  com- 
pressibility chamber. 
t2—ti  =  time  in  seconds. 
hi  and  /).2= heads  of  water  acting  at  times  tl  and  t2,  re- 
spectively. 

Substitution  of  the  values  given  in  tables  4  and  5 
gives, 

,    _2.3X0.10X  (0.3547X2.54)  .      24.14 
T  38.5X3,600  l0g  22.94  °r 

&7-=0.033X10~6  centimeters  per  second. 

The  temperature  of  air  and  water  during  the  test  was 
27.2°  C.     The  correction  coefficient  for  temperature 

equals  —    in  which  nT  and  v20  are  values  of  the  viscosity 

of  water  at  T°  C.  and  20°  C,  respectively.  For  T= 
27.2°  C.  the  correction  coefficient  becomes  0.844.  Con- 
sequently, &20=&rX0.844=0.028X10-6  centimeters  per 
second. 

JUDGMENT    AND    EXPERIENCE    NEEDED    IN    INTERPRETING    TEST 

DATA 

With  proper  equipment  no  difficulty  should  be  en- 
countered in  performing  the  compression  test  or  in 
expressing   the  results.     In   contrast,   however,   inter- 

8  For  derivation  of  this  formula  see  Soil  Mechanics  Research,  by  Dr.  Olennon  Gilboy, 
Proceedings  American  Society  of  Civil  Engineers,  vol.  57,  no.  8,  October  1931. 
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Figure  9. 


-Effect    of    Number    of   Load    Increments    on 
Voids  Ratio  of  Muck  Soil. 


pretation  of  the  test  data  is  a  matter  of  judgment  and 
experience  that  does  not  lend  itself  so  readily  to  stand- 
ardization. The  basis  of  the  engineer's  judgment  is 
his  opinion  of  the  extent  to  which  the  conditions  of  test 
represent  those  produced  by  the  environment  of  the 
particular  soil  stratum  in  place. 

The  methods  used  in  computing  the  moisture  con- 
tents and  the  settlements  are  described  in  detail  because 
they  call  attention  to  some  of  the  considerations  that 
influence  the  interpretation  of  the  test  data. 

The  following  method  of  applying  the  test  data  has 
been  used.  Other  methods  might  have  been  used,  but 
the  method  described  was  chosen  as  suitable  in  this 
case,  since  the  relative  effect  of  the  compression  and 
sliding  that  occurred  in  the  undersoil  during  placement 
of  the  fill  could  not  be  determined.  Also,  it  was  not 
known  whether  the  core  samples  represented  the  muck 
as  it  existed  before  the  construction  of  the  fill,  or  in 
some  condition  of  partial  disturbance  caused  by  the 
fill  construction.  In  this  analysis  assumptions  were 
made  as  follows: 

1.  The  compression  is  direct,  with  no  lateral  flow 
involved  after  completion  of  the  fill. 

2.  The  muck  bed  had  reached  a  state  of  ultimate 
consolidation  caused  by  its  own  weight  before  place- 
ment of  the  fill  and  was  in  natural  undisturbed  state. 

3.  The  weight  of  muck  in  the  original  layer  is  equiva- 
lent to  that  of  a  material  having  a  specific  gravity  of  2.6 
and  a  voids  ratio  as  indicated  by  the  load-compression 
curve. 

4.  Hydrostatic  uplift  exists  below  mean  water  level 
or  zero  elevation. 

5.  The  effective  weight  of  the  gravel  fill  is  110  pounds 
per  cubic  foot  above  zero  elevation  and  68.5  pounds  per 
cubic  foot  below  zero  elevation.     The  effective  weight 
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TIME     -     MINUTES 

Figure  10. — Effect  of  Initial  Moisture  Content  on  Resulting  Voids  Ratio  Under  a  Pressure  of  2  Tons  per  Square  Foot. 


of  displaced  muck  is  54  pounds  per  cubic  foot  above  zero 
elevation  and  33  pounds  per  cubic  foot  below  zero 
elevation. 

6.  In  computing  tbe  moisture  contents,  tbe  loads  were 
assumed  to  equal  the  weight  of  the  materials  above  tbe 
sample  location  as  disclosed  by  the  test  borings,  and  the 
period  during  which  these  loads  were  acting  was 
assumed  to  be  6  months. 

7.  The  average  of  the  voids  ratios,  taken  at  1-foot 
intervals  from  top  to  bottom  of  the  muck  layer,  was  used 
in  computing  the  fill  settlement.  The  actual  voids 
ratios  at  the  location  of  the  particular  sample,  in  con- 
trast, were  used  in  computing  the  moisture  contents. 

8.  The  load-compression  curve  discloses  the  relation 
between  load  and  voids  ratio  within  the  load  range 
shown,  regardless  of  (a)  the  number  of  increments  in 
which  the  load  is  applied,  and  (b)  the  moisture  content 
of  the  muck  at  the  start  of  the  test,  provided  the  pores 
are  entirely  filled  with  moisture.  This  assumption  is 
warranted  by  the  results  of  studies  made  in  the  Bureau's 
soils  laboratory. 

The  results  of  two  compression  tests  on  a  muck  soil 
are  shown  in  figure  9,  in  which  voids  ratios  are  plotted 
against  time.  In  test  "a",  starting  at  a  voids  ratio  of 
about  5.52,  the  sample  was  compressed  under  a  load  of 
1  ton  per  square  foot  for  about  6  days.  The  final  voids 
ratio  was  about  3.30.  In  test  "b",  starting  at  a  voids 
ratio  of  about  5.39,  the  sample  was  compressed  under 
the  same  load  applied  in  3  increments  as  shown,  each 


increment  acting  for  about  2  days.  The  final  voids 
ratio  was  about  3.27,  varying  less  than  1  percent  from 
that  of  test  "a." 


initial   moisture   content  found    to    affect 
compaction  but  slightly 


ULTIMATE 


The  results  of  two  sets  of  compression  tests  started  at 
different  moisture  contents  are  shown  in  figure  10.  To 
facilitate  the  comparison,  time  is  plotted  on  a  logarith- 
mic scale.  The  three  initial  moisture  contents  for  each 
set  are  designated  "above  the  liquid  limit",  "at  the  liq- 
uid limit",  and  "below  the  liquid  limit."  A  load  of  2 
tons  per  square  foot  was  used  in  each  test.  The  two 
soils,  an  A-6  clay  and  A-8  muck,  represent  two  types  of 
material  commonly  encountered  in  settlement  problems. 

The  variation  in  the  resulting  voids  ratios  of  the  three 
tests  on  the  clay  soil  is  the  difference  between  1.02  and 
0.97  or  0.05,  a  variation  of  about  5  percent.  Those  of 
the  muck  show  a  variation  in  voids  ratios  of  0.09,  or 
about  9  percent.  It  should  be  noted  that  the  curves 
for  the  muck  come  together  at  about  4  minutes,  and  the 
curve  for  test  1  is  practically  horizontal  from  that  point 
on,  indicating  the  probability  of  some  sticking  in  the 
machine.  Also,  although  the  muck  tests  were  contin- 
ued for  as  long  a  time  as  the  clay  tests,  they  were  plotted 
only  to  about  150  minutes  because  they  are  practically 
horizontal  beyond  that  point.  It  is  apparent  from  these 
tests  that  the  final  voids  ratio  is  not  appreciably 
dependent  on  the  initial  moisture  content. 
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Figure  11. — Load-Compression     Curves    of     Undisturbed 
Core  Samples. 

9.  At  any  stage  of  loading;,  equilibrium  between  load 
and  pores,  as  disclosed  by  the  load-compression  curve, 
exists  throughout  the  depth  of  any  muck  layer. 

10.  The  average  time-compression  curve  that  is  used 
discloses  the  relation  between  duration  of  load  incre- 
ment and  percentage  of  compression  caused  by  any  load 
increment  within  the  load  range  of  0.01  ton  per  square 
foot  and  that  required  to  compress  the  soil  to  its  plastic 
limit. 

A  study  of  the  time-compression  data  for  different 
load  increments  discloses  that  no  two  of  the  several 
curves  determined  for  each  test  are  identical.  How- 
ever, variations  between  the  curves  are  independent  of 
load  increment  and  no  apparent  relation  exists.  Gen- 
erally the  average  of  the  several  sets  of  data  furnishes 
a  curve  within  10  percent  of  any  individual  curve  at 
all  time  ordinates.  Consequently,  it  seems  practical 
to  make  use  of  this  average  curve. 

FORM    OF    TYPICAL    LOAD-COMPRESSION    CURVES    DETERMINED 

Comprehensive  study  of  all  the  compression  test 
data  furnished  by  the  Bureau's  investigations  discloses 
that,  when  plotted  to  a  semilogarithmic  scale,  the  load- 
compression  relation  generally  results  in  a  curve  that 
becomes  a  straight  line  for  loads  greater  than  0.1  kilo- 
gram per  square  centimeter.  Figure  11  shows  the 
compression  test  data  for  the  soils  used  in  this  analysis. 

For  values  of  p  greater  than  0.1  kilogram  per  square 
centimeter  the  data  results  in  straight  lines  of  the 
form 

e  =  B-Z  log  p (4) 

in  which  B  is  the  intercept  of  the  straight-line  portion 
of  the  curve  at  the  1.0  kilogram  per  square  centimeter 
ordinate,  and  —  Z  is  the  slope  of  the  semilog  plot  of  the 
curve,  or  range  in  value  e  for  unit  change  of  log  p.  Z 
may  be  termed  the  "compression  index"  of  the  soil. 
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Figure  12. — Relation    Between    Compression    Index    and 
Intercept. 

The  relation  between  the  slopes  and  intercepts  for 
the  mucks  used  in  this  analysis  are  plotted  in  figure  12, 
and  are  found  to  conform  closely  to  the  formula 


£=0.66+Z_ 


(5) 


The  relations  between  the  slopes  and  intercepts  of 
a  great  number  of  load-compression  curves  are  also 
plotted  in  figure  12,  and  are  very  roughly  represented 
by  line  A. 

Figure  13  shows  a  very  general  relation  between  the 
compression  index  Z  and  the  liquid  limit  of  the  mucks 
used  in  this  analysis.  This  fact  makes  possible  a  short 
and  approximate  method  of  estimating  settlements 
which  will  be  discussed  later. 

For  pressures  less  than  about  0.1  kilogram  per  square 
centimeter  the  load-compression  relation  may  vary 
from  a  horizontal  line  to  a  curve  of  form  depending 
upon  such  factors  as: 

1.  The  degree  of  consolidation  of  the  sample  at  the 
beginning  of  the  test. 

2.  The  degree  to  which  the  surfaces  of  the  sample 
were  disturbed  during  its  transfer  from  the  core  con- 
tainer to  the  testing  apparatus. 

3.  Experimental  errors  caused  by  friction  or  by  char- 
acteristics of  the  testing  apparatus. 

Were  the  effect  of  these  and  possibly  other  influences 
removed,  the  straight-line  portion  of  the  semilog  plot 
of  the  curve  for  loads  greater  than  0.1  kilogram  per 
square  centimeter  could  be  extended  for  loads  less  than 
0.1  kilogram  per  square  centimeter  until  a  maximum 
voids  ratio  equal  to  that  of  the  soil  immediately  after 
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-Relation    Between    Liquid    Limit    and    Com" 
pression  Index. 


settling  out  of  suspension  is  reached.  Flocculation 
tests  9  performed  on  similar  materials  indicate  that  for 
a  soil  similar  to  that  of  core  5,  the  maximum  voids 
ratio  would  be  about  7.0. 

This  high  voids  ratio,  however,  exists  but  temporarily. 
A  better  starting  point  is  the  voids  ratio  that  the  top 
of  a  sediment  will  ultimately  attain  due  entirely  to  the 
weight  of  the  soil  particles  in  a  layer  of  single-particle 
thickness  and  not  influenced  by  the  load  resulting  from 
an  accumulation  of  particles  above  this  increment. 

The  exact  value  of  this  voids  ratio  would  be  difficult 
to  determine  in  all  instances.  Therefore  the  compres- 
sion curves  plotted  for  all  the  tests  performed  in  the 
Bureau's  subgrade  investigations  were  studied  to  de- 
termine some  general  form  of  curve  that  could  be  used 
for  practical  purposes  to  express,  approximately,  the 
relation  of  voids  ratio  to  load  for  loads  of  less  than  0.1 
ton  per  square  foot. 

It  was  found  that  such  a  curve,  extending  to  a  voids 
ratio  high  enough  to  satisfy  the  requirements  of  prac- 
tical application,  has  the  form  of  the  broken  lines  in 
figure  11.  This  curve  is  expressed  by  the  following 
empirical  formula,  the  numerical  constants  of  which 
were  evaluated  by  the  method  of  least  squares. 

«  =  5+Z(1.69- 1 .07a;2+0.38^) (6) 

in  which 

e= voids  ratio  for  loads  between  0.01  and  0.10 

kilogram  per  square  centimeter. 
5=intercept  of  the  straight-line  portion  of  the 
semilog  plot  of  the  curve  at  the  1.0  kilo- 
gram per  square  centimeter  load  ordinate. 
—  Z=slopeof  the  semilog  plot  of  the  straight-line 
portion  of  the  curve,  or  range  in  value  e 
for  unit  change  in  log  p. 
x  =  2  +  log  p. 

Using  this  formula  the  voids  ratios  corresponding  to 
various  loads  between  0.01  kilogram  per  square  centi- 
meter and  0.10  kilogram  per  square  centimeter  for  the 
mucks  in  this  analysis  are  as  shown  in  table  6. 

The  broken-line  curves  in  figure  11,  for  loads  smaller 
than  0.1  kilogram  per  square  centimeter,  and  the  solid- 

8  For  procedure  see  Subgrade  Soil  Testing  Methods,  by  C.  A.  Hogentogler  and 
E.  A.  Willis,  proceedings  of  the  A.  S.  T.  M.,  1934. 


line  curves  for  loads  greater  than  0.1  kilogram  per 
square  centimeter,  are  assumed,  therefore,  to  express 
the  relation  of  voids  ratio  to  load  between  small  or  zero 
loads  and  loads  at  the  plastic  limits.  There  is  a  gen- 
eral tendency  for  all  of  the  curves  to  intersect  in  a  com- 
mon point  corresponding  to  a  voids  ratio  of  about  0.66 
on  the  ordinate  for  10  kilograms  per  square  centimeter. 

RELATIVE  RATES  OF  CONSOLIDATION  OF  SOIL  STRATUM  AND  SOIL 
SAMPLE  COMPARED 

The  time-compression  curves  used  in  this  analysis  are 
shown  as  semilogarithmic  graphs  in  figure  14.  These 
curves  are  the  averages  of  the  individual  time-compres- 
sion curves  for  different  load  increments  after  certain 
ones  had  been  eliminated  because  of  obvious  error. 

Before  using  the  curves  in  figure  14,  in  estimating 
the  speed  of  consolidation  of  soil  strata  in  place  there 
must  be  determined  the  relative  periods  of  load  applica- 
tion at  which  equal  percentages  of  compression  occur  in 
the  soil  strata  and  in  their  representative  laboratory 
samples. 


Table  6. — Characteristics  of  compression  curves 
muck  samples 

for  undist 

urbed 

B 

Z 

Voids  ratio, 

e,  for  the  following  loads 

Material  from  core  no. 

0.010 
Kg 
per 
sq. 
cm 

0.015 
Kg 
per 
sq. 
cm 

0.02 
Kg 
per 
sq. 
cm 

0.04 

Kg 
per 

sq. 
cm 

0.07 
Kg 
per 
sq. 
cm 

0.10 
Kg 
per 
sq. 
cm 

1    _ _ 

1.86 
1.20 
1.98 
1.24 
1.64 
2.10 

1.25 
.52 

1.30 
.60 
.85 

1.47 

3.97 

2.08 
4.18 
2.25 
3.08 
4.58 

3.93 

2.06 
4.14 
2.23 
3.05 
4.54 

3.86 
2.03 
4.06 
2.20 
3.00 
4.46 

3.69 
1.92 
3.78 
2.07 
2.82 
4.14 

3.30 
1.80 
3.48 
1.93 
2.62 
3.80 

3.11 

2       -- 

1.72 

6     

3.28 

6     - - 

1.84 

2.49 

10 

3.57 

Values      of      (1.69-1.07i»+ 

1.69 

1.66 

1.60 

1.38 

1.15 

1.00 

The  determination  is  made  on  the  basis  of  the  time 
required  for  a  unit  volume  of  water  to  travel  a  unit 
distance  through  the  soil  pores  and  for  the  conditions 
(see  fig.  15)  met  in  this  report.  The  method  is  as 
follows: 

Case  1. — Water  free  to  flow  from  both  top  and  bot- 
tom of  the  soil  stratum. 

Let  e,  =  voids   ratio   of   both   soil   sample   and   soil 
stratum  before  compression,  under  pres- 
sure of  p\. 
e2— voids  ratio  of  soil  sample  and  soil  stratum 

after  compression  by  pressure  p%. 
g?!  =  thickness  of  the  soil  sample  at  ex.     (See  for- 
mula (1).) 
Z>i  =  thickness  of  the  soil  layer  at  ex. 
t= average  time  required  for  a  unit  volume  of 
water  to  travel  a  unit  distance  through  the 
soil  during  the  change  from  ex  to  e2. 
/d=time  required  for  the  soil  sample  to  consoli- 
date from  e1  to  e2. 
i^  =  time  required  for  the  soil  layer  to  consoli- 
date from  ei  to  e2. 
The  total  units  of  water  volume  to  be  squeezed  out 
of  the  laboratory  sample  per  unit  of  cross-sectional 

area  equals  VT^  du  one  half  of  which  flows  out  of  each 

face.     The  average  distance  traveled  by  each  unit  of 


water  equals 


<h 
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Figure  14. — Average  Time-Compression  Curves  of  Undisturbed  Cores  from  Hydraulic  Fill. 

Therefore    the    time    required    for    the    laboratory 
3ample  to  consolidate  from  a  voids  ratio  of  ex  to  e2  is 
.  _ex  —  e2     dx     dy 

In  the  same  manner  the  time  required  for  the  soil 
stratum  of  thickness  Dx  to  consolidate  an  equal  amount 
is 


^y"  y."y/ 

tD~\  +  e^2  A4  Xt 


(7) 


Then 

t±==dl 

tD     A2 

Case  2. — Water  free  to  flow  out  of  but  one  face, 
either  top  or  bottom  of  the  soil  stratum. 


In  this  case  all  of  the  water  or 


■e2 


l+*i 


X  A    units   per 


unit  area  of  soil  face  must  escape  in  one  direction  and 
the  average  distance  it  travels  is  —•  Then  the  time 
of  consolidation  of  the  soil  stratum  becomes 

tD- 
and 


":XAX?'X< 


i+er 


.(8) 


STATE    OF    CONSOLIDATION    OF   MUCK    SAMPLES    PRIOR    TO    FILL 
CONSTRUCTION  IMPORTANT 

This  analysis  involves  four  distinct  computations, 
which  are:  (a)  State  of  consolidation  of  the  muck 
deposit  prior  to  the  fill  construction;  (6)  elevation  of  the 
top  of  the  muck  layer  immediately  after  completion  of 
the  fill;  (c)  amount  and  rate  of  subsequent  consolida- 
tion produced  by  the  fill  material ;  and  (d )  the  moisture 
content  of  the  muck  at  the  locations  from  which  cores 
were  obtained. 

The  layer  of  muck  at  the  location  of  boring  S-6  from 
which  core  5  was  taken,  had  a  bottom  elevation  of 
— 15.9  feet  when  the  borings  were  made  and  a  top 
elevation  of  —3.0  before  construction.  Since  it  is  not 
likely  that  the  elevation  of  the  firm  sand  under  the 
muck  changed  appreciably  during  the  construction  of 
the  fill  it  seems  reasonable  to  assume  that  the  thick- 
ness of  the  muck  layer  was  12.9  feet  prior  to  con- 
struction. 

The  consolidation  of  the  muck  layer  caused  by  the 
weight  of  the  soil  solids  alone  is  estimated  as  follows: 

At  any  voids  ratio  the  weight  of  the  solid  material 
in  a  volume  of  the  muck  below  water  level  is  given  by 
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case  2  -muck  layer  with  pervious  layer  on  top 
and  impervious  layer  on  bottom 

Figure  15. — Means  by  Which  Water  Escapes  from  Muck 
in  Laboratory  Sample  and  in  Fill. 


the  formula 


1+e 


(Gs—Gw). 


(9) 


in  which 

7VFs=the  weight  of  the  immersed  solid  material. 
Tr=the  volume. 
e=the  voids  ratio. 
C?s=the   specific   gravity    of    the    soil,    in    this 

case  2.6. 

t?w=the  specific  gravity  of  water,  in  this  case  1. 

At  elevation  —3.0  under  zero  load  the  voids  ratio  for 

core  5,  from  the  load-compression  relation,  table  6,  is 

4.18  and  at  a  depth  of  1  foot  (30.48  centimeters)  the 

pressure  would  be 
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30.48X: 


rX(2.6-l)X 


I 


1,000 


0.0094  kilograms  per 


■1  +  4.18 
square  centimeter. 

This  pressure,  according  to  assumptions  used  in 
developing  a  standard  form  for  the  load-compression 
curve  (see  complete  work  sheet,  fig.  16)  cannot  further 
consolidate  the  layer  and  consequently  the  voids  ratio 
at  elevation  —4.0  is  4. IS,  the  same  as  at  elevation 
-3.0. 

The  combined  weight  of  the  first  2  feet  of  muck  is 
0.0094  +  0.0094  or  0.0188  kilograms  per  square  centi- 
meter, which  is  the  pressure  acting  at  elevation  —5.0. 
Proper  substitution  in  formula  (6),  or  reading  directly 
on  the  corresponding  curve,  figure  16,  shows  that  this 
load  can  consolidate  the  sample  to  a  voids  ratio  of  4.08. 

Continuation  of  this  process  provided  the  data  of 
table  7  and  figure  16D,  which  shows  the  pressures 
acting  at  all  locations  throughout  the  thickness  of  the 
muck  deposit  before  the  fill  construction. 

LENGTH    OF   TIME   REQUIRED   FOR    COMPLETE   FILL   SETTLEMENT 
DETERMINED 

The  computations  were  based  on  the  assumption 
that  the  muck  bed  was  completely  consolidated  by  its 
own  weight.  According  to  formula  (7)  the  greater  the 
thickness  of  the  layer  the  longer  will  be  the  time  re- 
quired for  complete  consolidation.  To  test  the  validity 
of  this  assumption,  the  greatest  possible  length  of  time 
required  for  complete  settlement  must  be  known.  For 
computing  this,  the  maximum  possible  thickness  that 
the  soil  deposit  could  ever  have  had  must  be  used. 
This  is  derived  as  follows: 

The  average  voids  ratio  of  the  deposit  as  determined 
by  averaging  the  voids  ratios  shown  in  table  7  is  3.60. 
It  may  then  be  assumed  that  the  voids  ratio  of  the  muck 
layer  during  the  course  of  natural  consolidation  under 
its  own  weight  changed  from  4.18  to  an  average  of 
3.60.  This  means  that  every  increment  of  thickness 
in  the  layer  would  have  retained  a  voids  ratio  of  4.18 
had  it  not  been  required  to  carry  the  load  imposed  by 
additional  deposits.  It  may  be  assumed  that  the  maxi- 
mum thickness  of  the  deposit  never  exceeded  that  repre- 
sented by  a  voids  ratio  of  4.18. 

Table  7.— Degree  of  consolidation  of  material  prior  to  construction 
at  point  where  core  5  was  taken 


Elevation  (feet) 

Thick- 
ness 

Total 

muck 

load  (p) 

Voids 
ratio 

Load  in- 
crement 
per  foot 
depth 

-3 

Feet 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
12.9 

Kg  per 
sg.  cm 
0 

0.  0094 
.0188 
.0284 
.0383 
.0485 
.0589 
.0695 
.  0804 
.0915 
.1028 
.1142 
.1258 
.1363 

4.18 
4.18 
4.08 
3.94 
3.80 
3.68 
3.58 
3.49 
3.40 
3.33 
3.27 
3.21 
3.15 
3.11 

Kg  per 

sg.  cm 
0. 0094 
.0094 
.0096 
.0099 
.0102 
.0104 
.0106 
.0109 
.0111 
.0113 
.0114 
.0116 
.0117 
(') 

-4 _ 

-5 

-6 

-7 

-8 

-9 

-10 

-11 

-12 

-13 

-14 

-15 _ 

-15.9 

Average 

3.60 

1  (0.9X0.0117=0.0105.) 

If  the  muck  layer,  with  an  original  voids  ratio  of 
4.18,  were  compressed  to  a  voids  ratio  of  3.60  and  a 
thickness  of  12.9  feet,  then  its  original  thickness  may 
be  computed  from  the  formula 


XA=A- 


(10) 


1+ei 

1+^2 

in  which  ex  is  the  original  voids  ratio,  in  this  case  4.18, 
corresponding  to  a  thickness  of  Du  and  e2  is  the  voids 
ratio  of  the  compressed  material,  in   this  case  3.60, 
corresponding  to  a  thickness,  D2,  of  12.9  feet. 
Then 


D, 


1+4.18 
1+3.60 


X12.9  =  14.5feet. 


The  manner  in  which  the  formation  of  the  muck 
deposit  took  place  is  a  matter  of  conjecture.  To  esti- 
mate the  time  of  ultimate  settlement  of  the  muck 
deposit,  it  may  be  assumed  that  the  layer  was  origi- 
nally 14.5  feet  thick  with  a  uniform  voids  ratio  of  4.18. 
According  to  the  test  data  the  thickness  of  the  labora- 
tory sample  at  this  voids  ratio  would  have  been  0.51 
inch  and  equilibrium  under  its  own  weight  was  reached 
in  1,200  minutes.  The  time  required  for  the  consoli- 
dation of  the  muck  deposit  is  computed  from  formula 
(7)  as  follows: 


tD= 


UXDf 


1,200X(12X14.5)2 


df 


0.512 


140,000,000  minutes 


or  about  270  years. 

Geologists  have  estimated  the  age  of  the  muck  layer 
at  Four  Mile  Run  as  several  thousand  years.  Accord- 
ing to  what  precedes,  it  would  take  about  270  years  for 
the  completion  of  consolidation  caused  by  its  own 
weight.10  Consequently,  the  assumption  that  100  per- 
cent consolidation  has  occurred  within  the  muck  layer 
at  the  location  of  core  5,  prior  to  fill  construction,  is 
well  founded. 

Similar  computations  were  made  for  boring  S-9,  j 
located  264  feet  to  the  left  of  the  centerline,  station 
183  +  00,  where  core  6  was  obtained.  The  computed 
time  of  complete  settlement  at  this  location  was  2,230 
years,  the  greatest  for  any  location  at  which  borings 
were  made.  This  is  considered  as  within  the  esti- 
mated age  of  the  muck.  Therefore,  the  assumption 
that  complete  consolidation  caused  by  its  own  weight 
had  occurred  throughout  the  muck  layer  prior  to  fill 
construction  is  consistent. 

TYPICAL  METHOD  OF  ANALYSIS  FOR  SECTION  UNDER  FILL  LOAD 

According  to  table  7  the  average  voids  ratio  of  the 
muck  layer  at  boring  S-6  is  3.60,  which  corresponds  to 
a  load  of  0.057  kilogram  per  square  centimeter  acting 
until  consolidation  under  this  pressure  is  complete. 

The  results  of  borings  made  6  months  after  fill  con- 
struction are  shown  in  figure  16C.  According  to  this 
figure  the  muck  at  this  time  supported  a  gravel  layer 
9.0  feet  thick  and  had  a  top  elevation  of  —4.9  feet  as 
compared  with  —3.0  feet  before  the  improvement  was 
begun. 

Assuming  that  the  gravel  layer  does  not  consolidate,  j 
it  will  have  a  constant  thickness  of  9  feet  acting  con-  j 
tinuously   after  fill  construction.     Consequently,   the 
difference  between  —4.9  and  —3.0  must  be  accounted 
for  by  a  change  in  thickness  of  the  muck  layer. 

The  muck  will,  of  course,  consolidate  under  load. 


w  This  value  is  not  to  be  confused  with  the  time  of  ultimate  consolidation  under  the 
fill  of  243  vears  subsequently  determined.  The  value  of  270  years  represents  the 
computed  time  for  complete  consolidation  of  the  muck  caused  by  its  own  weight  acting 
within  the  layer  itself.  It  is  based  on  a  layer  14.5  feet  thick.  The  value  of  243  years 
represents  the  time  required  for  the  muck  layer  to  reach  complete  consolidation  du< 
to  the  superimposed  gravel  fill,  and  Is  based  on  a  layer  only  12.2  feet  thick. 
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Figure  16. — Graphical  Analysis  of  the  Compression  Test  Data  of  Undisturbed  Material  from  Core  No.  5. 


Furthermore,  there  is  a  possibility  that  during  the 
pumping  operations  a  portion  of  the  muck  layer  was 
displaced  laterally.  No  measurements  were  made  to 
determine  the  extent  of  lateral  flow  during  construc- 
tion. The  thickness  of  the  muck  layer  displaced  in 
this  manner,  therefore,  must  be  determined  by  a  series 
of  approximations  before  the  analysis  of  settlement  can 
be  completed. 


Had  no  lateral  flow  occurred,  the  gravel  fill  when  first 
constructed  would  have  rested  on  top  of  the  muck  layer 
shown  in  figure  16C,  left.  The  effect  of  the  fill  acting 
for  6  months  would  be  to  reduce  the  thickness  of 
the  muck  layer  by  an  amount  indicated  by  the  load- 
compression  and  time-compression  curves. 

The  thickness  of  the  muck  layer  disclosed  by  the 
boring  subtracted  from  the  computed  reduced  thickness 
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gives  an  estimate  of  the  thickness  of  the  material 
displaced  by  lateral  flow. 

Because  of  this  loss  of  material  both  the  thickness 
of  the  muck  layer  and  the  load  acting  on  it  immedi- 
ately after  construction  are  less  than  those  used  in  the 
first  computation.  Consequently,  a  second  approxi- 
mation is  made  using  a  revised  thickness  and  load. 
This  process  is  repeated  until  the  computed  thickness 
practically  equals  that  determined  by  the  borings. 

The  results  of  such  computations,  shown  in  figure  16, 
were  obtained  in  the  following  manner.  The  load 
imposed  by  the  gravel  fill,  6  feet  above  water  at  110 
pounds  per  cubic  foot  and  3  feet  below  water  at  68.5 
pounds  per  cubic  foot  was  computed  to  be  0.422  kilo- 
gram per  square  centimeter.  The  average  voids  ratio 
of  3.60  referred  to  above  equals  that  produced  by  a 
load  of  0.057  kilogram  per  square  centimeter  com- 
pressing the  sample  for  a  long  time. 

This  load  of  0.057  kilogram  per  square  centimeter  is 
not  the  average  load  acting  throughout  the  depth  of  the 
deposit.  It  is  the  load  acting  on  top  of  a  layer  of  zero 
weight  that  will  produce  a  voids  ratio  equal  to  the 
average  voids  ratio  produced  by  the  variable  load  dis- 
tributed through  the  deposit. 

The  total  effective  load  acting  on  top  of  the  layer  is 
0.057  +  0.422=0.479  kilogram  per  square  centimeter. 
This  will  ultimately  consolidate  the  sample  to  an  aver- 
age e2  of  2.40  (equation  (4)  or  fig.  16).  The  difference 
in  voids  ratio  produced  by  the  additional  load  equals 
3.60-2.40  or  1.20. 

The  percentage  of  consolidation  which  will  occur  in  6 
months  may  be  obtained  from  formula  (7)  and  the 
time-compression  curve.  The  thickness,  Du  of  the 
muck  layer  was  12.9  feet.  The  thickness  of  the  labo- 
ratory sample,  du  corresponding  to  the  average  voids 
ratio  of  3.60  is  0.452  inch.  The  time  of  settlement  of 
the  muck  layei  in  place,  tD,  is  6  months.  Substitution 
of  these  values  in  formula  (7)  indicates  that  the  time 
in  the  laboratory,  td,  in  which  the  same  percentage  of 
compression  will  be  accomplished,  is  2.24  minutes. 
This  according  to  the  time-compression  curve,  figure 
16B,  corresponds  to  35.7  percent.  Consequently, 
the  amount  of  additional  compression  accomplished 
in  6  months  is  represented  by  a  change  in  voids  ratio 
of  35.7  percent  of  1.20  or  0.43.  The  reduced  voids 
ratio  of  the  muck  layer  is  therefore  the  initial  voids 
ratio  3.60  minus  the  reduction  0.43,  or  3.17. 

This  is  indicative  of  a  thickness  of  muck  layer  6 
months  after  fill  construction  of 


12.9X 


1+3.17 
1+3.601 


a  1.7  feet 


The  boring  (fig.  16C,  middle)  shows  that  the  muck 
layer  was  actually  11.0  feet  thick  at  this  time.  It  is 
apparent,  therefore,  that  approximately  0.7  foot  of 
muck  had  been  laterally  displaced.  At  what  point  or 
points 'within  the  muck  layer  this  amount  was  lost  is 
not  known.  However,  it  is  obvious  that  the  least 
stable  portion  of  the  muck  would  be  displaced.  The 
top  of  the  layer  has  the  highest  voids  ratio,  according  to 
table  7,  and  therefore  the  least  density  and  least  re- 
sistance to  lateral  flow.  In  subsequent  computations, 
it  is  assumed  that  0.7  foot  of  muck  was  removed  from 
the  top  of  the  layer. 

The  second  approximation  is  therefore  made  on  the 
assumption  that  the  muck  layer  is  only  12.2  feet  thick 
instead  of  12.9  feet  thick.  This  has  the  effect  of  in- 
creasing the  amount  of  gravel  under  water  to  3.7  feet 


and  decreasing  the  amount  of  gravel  above  water  to 
5.3  feet.  The  load  produced  by  the  gravel  in  this 
position  is  0.408  kilogram  per  square  centimeter. 

A  further  effect  of  the  removal  of  0.7  foot  of  muck  is 
a  change  in  the  average  voids  ratio  of  the  muck  layer, 
as  the  material  removed  according  to  preceding  as- 
sumptions had  a  voids  ratio  of  4.18  against  the  average 
of  3.60.  Tins  results  in  a  lower  average  voids  ratio, 
equaling  3.57  in  this  case,  corresponding  to  a  compres- 
sion load  of  0.060  kilogram  per  square  centimeter.  The 
weight  of  the  displaced  muck  equals  0.7  X  0.0094  or 
0.007  kilogram  per  square  centimeter.  The  total  load 
is  thus  0.408  +  0.060  -  0.007  or  0.461  kilogram  per 
square  centimeter.  According  to  the  load-compression 
curve,  figure  16A,  this  load  will  ultimately  produce  a 
voids  ratio  of  2.42. 

Continuing  the  computations  as  in  the  first  approxi- 
mation, it  is  found  that  the  reduced  thickness  of  muck 
layer,  6  months  after  fill  construction,  becomes  11.0 
feet,  which  is  the  thickness  as  determined  from  the 
borings. 

Consequently,  the  revised  profile  showing  conditions 
immediately  after  fill  construction  (fig.  16C,  right)  is 
constructed  on  the  basis  of  a  muck  layer  12.2  feet 
thick. 

SETTLEMENT    ANALYSIS    COMPLETED    AND   MOISTURE    CONTENT 
OF  SAMPLE  ESTIMATED 

In  the  same  manner  that  the  thickness  of  11.0  feet 
was  computed  for  a  period  of  settlement  of  6  months 
under  a  load  of  0.461  kilogram  per  square  centimeter, 
thicknesses  may  be  computed  for  any  desired  period 
up  to  the  time  of  ultimate  settlement.  By  proper  sub- 
stitutions in  formula  (7)  the  period  of  time  required 
for  ultimate  settlement,  e2=2.42,  may  also  be  deter- 
mined. Results  of  such  computations  are  shown  in 
table  8. 

The  moisture  content  of  core  5  was  determined  from 
a  sample  taken  from  the  top  of  the  core  shown  in  figure 
16C,  middle,  at  an  elevation  of  —9.0,  or  6.9  feet  above 
the  sand  layer.  The  core  was  taken  6  months  after  fill 
construction.  The  muck  layer,  12.2  feet  thick  im- 
mediately after  fill  construction,  had  consolidated  to  a 
thickness  of  11.0  feet.  Consequently,  the  position  of 
the  top  of  sample  5  immediately  after  fill  construction 

was  approximately    '  , .  n"     or    7.7    feet    above    the 

sand  layer,  which  corresponds  to  an  elevation  —8.2  as 
shown  in  figure  16C,  right. 

Table  8. — Computed  settlement  for  different  periods  of  time 


Period  of  settlement  (months) 


0 

1.. 

6 --- 

12 

20 

36 - 

Maximum 


Average 

Consolida- 

Computed 

Computed 

voids  ratio 

tion 

thickness 

settlement 

Percent 

Feet 

Feel 

3.57 

0 

12.2 

0 

3.38 

16.1 

11.7 

0.5 

3.14 

37.4 

11.0 

1.2 

2.98 

51.2 

10.6 

1.6 

2.84 

62.8 

10.3 

1.9 

2.69 

76.1 

9.9 

2.3 

2.42 

100.0 

9.1 

3.1 

i  Occurs  in  243  years'  time. 

From  table  7,  the  voids  ratio  at  elevation  —8.2  is 
found  by  interpolation  to  be  3.66,  which  corresponds  to 
a  load  of  0.051  kilogram  per  square  centimeter  on  the 
load-compression  curve,  figure  16A.  This,  minus  the 
load  of  0.007  kilogram  per  square  centimeter  lost  by 
lateral  flow  and  added  to  the  fill  load  of  0.408  kilogram 
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per  square  centimeter,  makes  a  total  load  of  0.452  kilo- 
gram per  square  centimeter  acting  on  the  sample. 
Ultimately  this  will  consolidate  the  sample  to  a  voids 
ratio  of  2.43,  causing  a  decrease  in  voids  ratio  equal  to 
3.66-2.43,  or  1.23. 

The  percentage  of  consolidation  that  occurs  in  6 
months  in  this  sample  is  37.4  percent  or  the  same  as 
that  occurring  in  the  entire  layer  as  shown  in  table  8. 
Therefore,  the  voids  ratio  of  the  sample  after  6  months 
equals  3.66— (1.23X0.374)=3.20.     This  corresponds  to 

3  20 
a  moisture  content  of  -^-rrX100,or  123  percent,  as  com- 
pared with  the  moisture  content  of  125  percent  as  ac- 
tually determined  in  the  sample. 

The  computed  moisture  contents  shown  in  table  2 
and  the  computed  settlement  shown  in  table  3  and 
figure  7  were  determined  in  the  manner  described  above. 

METHODS  OF  COMPUTING  FILL  SETTLEMENT  DISCUSSED 

The  method  of  computing  the  settlements  in  this 
report  was  adopted  after  much  preliminary  work  in 
which  other  somewhat  similar  methods  were  tried  and 
rejected  after  analyzing  their  suitability  and  reliability. 

Most  of  the  work  of  estimating  probable  settlement 
of  loaded  soil  layers  rightfully  belongs  in  the  field  of 
foundation  engineering.  Problems  in  this  field  gen- 
erally differ  from  that  studied  at  Four  Mile  Run,  since 
the  loads  are  transmitted  from  building  to  soil  by  foot- 
ings, rafts,  piling,  etc.  There  is  no  uniform  loading, 
such  as  is  produced  by  a  fill,  and  the  compressible  layers 
are  usually  under  appreciable  topsoil  overburden.  This 
makes  the  determination  of  the  pressures  quite  a  difficult 
problem  and  lessens  the  importance  of  variations  in 
voids  ratios  in  the  layer.  The  voids  ratio  of  a  core 
taken  within  the  layer  is  generally  assumed  as  the  voids 
ratio  of  the  layer.  Additional  data  on  foundation  settle- 
ment estimation  from  compression  tests  have  been 
published.11 

A  simpler  method  of  computing  settlements  is  to  use 
the  natural  moisture  content  and  corresponding  voids 
ratio  of  the  undisturbed  sample  as  the  initial  voids 
ratio,  eu  and  determine  the  ultimate  voids  ratio,  e2,  to 
which  the  layer  would  compress  under  load,  directly 
from  the  load-compression  curve.  Having  the  total 
settlement,  one  can  determine  the  settlement  occurring 
after  any  given  time  interval. 

This  method  gives  fairly  accurate  results  for  most  of 
the  locations  discussed  in  this  report.  However,  re- 
search along  more  accurate  lines  had  to  be  performed 
to  determine  the  validity  of  various  methods.  For 
study  of  conditions  at  Four  Mile  Run  the  more  accurate 
method  seemed  desirable.  The  muck  bed  at  that  loca- 
tion was  sampled  after  it  had  undergone  some  6  months 
of  compression  under  the  fill  load  instead  of  prior  to 
construction,  as  would  be  the  case  in  a  general  investi- 
gation of  settlement.  This  alone  indicated  a  need  for 
a  special  method  of  computation. 

The  wide  range  of  voids  ratios  existing  in  the  layer 
from  top  to  bottom  was  a  further  indication  of  the  need 
for  the  more  accurate  procedure.  According  to  table 
7  the  theoretical  voids  ratio  of  a  sample  from  elevation 
—5.0  would  have  been  about  4.08  prior  to  fill  construc- 
tion. A  sample  from  elevation  —15.0  would  be  ex- 
pected to  have  a  voids  ratio  of  3.15.  In  the  case  of  a 
deeper  layer  the  voids  ratio  of  the  muck  at  elevation 

11  Progress  Report  of  Special  Committee  on  Earth  and  Foundations,  Proceedings 
American  Society  of  Civil  Engineers,  May  1933. 


—40.0  would  be  about  2.40.  The  actual  core  sample  in 
this  case  was  taken  from  the  muck  at  elevation  —9.0 
after  6  months  compression  under  load.  Calculations 
based  on  the  moisture-content  determination  indicate 
that  this  material  was  at  elevation  —8.2  prior  to  fill 
construction.  Table  7  shows  that  sample  5  would  have 
had  a  voids  ratio  of  about  3.66  at  that  time,  correspond- 
ing to  a  natural  moisture  content  of  141  percent. 

This  value  happens  to  be  quite  close  to  the  average 
voids  ratio  of  3.60  determined  for  the  layer.  Therefore, 
in  this  particular  case  there  is  little  difference  in  the 
settlement  determined  by  either  method.  However, 
the  use  of  test  results  from  core  5  material  in  the 
computations  for  all  points  used  where  settlement 
comparisons  were  made  would  have  necessarily  yielded 
much  more  inaccurate  results  for  the  thicker  portions 
of  the  muck  bed,  since  the  average  initial  voids  ratios 
decrease  with  an  increase  in  thickness.  The  settlement 
estimated  by  this  simple  method  decreases  as  the  voids 
ratio  of  the  sample  decreases.  The  degree  of  error 
introduced  by  the  method  depends  on  the  difference 
between  the  voids  ratio  of  the  sample  and  the  average 
voids  ratio  of  the  deposit. 

For  example,  the  total  settlement  at  the  location  of 
core  5  based  on  a  sample  taken  at  elevation  —5.0 
equals  about  32  percent  of  the  thickness;  that  based 
on  a  sample  taken  at  elevation  —15.0  is  only  21  percent 
of  the  layer  thickness.  In  this  instance  the  settlement 
estimated  by  the  simpler  method  (sample  taken  at  eleva- 
tion —  8.2)  becomes  27  percent  as  compared  to  the  value 
determined  by  the  adopted  method,  of  about  25  percent. 
It  is  interesting  to  note  that  the  computed  settlement 
based  directly  on  core  5  test  data  without  a  6-months 
correction  is  21  percent  of  the  layer  thickness,  or  that 
indicated  by  the  material  sampled  at  — 15.0. 

Table  9. — Settlement  computations  by  1-foot  increments  for  boring 
S-6  based  on  core  no.  5 


Elevation  (feet) 

Thick- 
ness 

Total 
muck 
load 

Voids 
ratio 

Aver- 
age 
voids 
ratio 
for 
each 
foot 

Total 
muck 
load 
(aver- 
aged) 

Total 
load 

gravel 
and 

muck 
load 

Re- 
sulting 
voids 
ratio 

Result- 
ing 

thick- 
ness 
of  1- 
foot 
layer 

-3  

Feet 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
12.9 

Kg  per 

sq.  cm 

0 

0. 0094 
.0188 
.0284 
.0383 
.0486 
.0589 
.0695 
.0804 
.0915 
.1028 
.1142 
.1258 
.1363 

4.18 
4.18 
4.08 
3.94 
3.80 
3.68 
3.58 
3.49 
3.40 
3.33 
3.27 
3.21 
3.15 
3.11 

Kg  per 
sq.  cm 

Kij  per 
sq.  rm 

0. 4225 
.4272 
.4366 
.4461 
.  45585 
.4659 
.4762 
.4867 
. 49745 
. 50845 
.  MOM 
.5310 
.5425 
.  55355 

Feet 

-4         

4.18 

4.13 

4.01 

3.87 

3.76 

3.63 

3.535 

3.445 

3.365 

3.30 

3.24 

3.18 

3.13 

0. 0047 
.0141 
.0236 
.  03335 
.0434 
.0537 
.0642 
. 07495 
. 08595 
.  09715 
.1085 
.1200 
. 13105 

2.47 
2.46 
2.44 
2.43 
2.41 
2.40 
2.39 
2.37 
2.36 
2.35 
2.33 
2.32 
2.31 

0.67 

—  5  .                 - 

.67 

—6 

.ey 

—  7                            

.  70 

-8.. - 

.72 

-9 __ 

.73 

-10 - — 

.75 

-11 -. 

—  12 

.76 

.77 

—  13...                   

.78 

—  14 

.79 

-15 ..- 

-15.9 

.7« 
.  72 

Average  or  total- 

3.  60 

2.39 

9.54 

Table  9  presents  evidence  that  the  use  of  the  average 
voids  ratio,  as  determined  in  table  7,  in  computing 
settlements  gives  the  same  result  as  a  summation  of  the 
compression  of  each  1-foot  increment  determined 
separately.  In  table  9  the  average  voids  ratios  for 
each  1-foot  layer  are  given  with  the  corresponding  load 
increments  and  total  loads.  The  resulting  ultimate 
voids  ratios  are  determined  from  the  load-compression 
relation  and  the  compressed  thickness  of  each  increment 
is  obtained  in  the  same  manner  as  before.     A  value  of 
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total  ultimate  thickness  of  9.54  feet  is  obtained  as 
compared  with  the  value  of  9.53  feet  obtained  by  the 
use  of  the  average  voids  ratio  of  the  entire  layer.  The 
average  of  the  final  voids  ratios  derived  by  this  foot-by- 
foot  determination  is  2.39,  while  that  determined  from 
the  average  voids  ratio  of  the  entire  layer  is  2.40. 

SETTLEMENTS  MA  If  BE  ESTIMATED  BY  AN  APPROXIMATE   METHOD 

The  relations  established  in  the  foregoing  analysis 
suggest  an  approximate  method  for  rapidly  estimating 
settlements  in  similar  deposits.  It  appears  that  a 
knowledge  of  the  moisture  content  of  the  material  in 
its  natural  state  and  of  the  type  of  fill  to  be  constructed, 
combined  with  probe  borings  to  disclose  the  depth  of 
the  muck  layer,  furnish  sufficient  information  for  a 
rough  estimate. 

This  could  be  carried  out  in  some  such  manner  as 
follows: 

1.  Make  sufficient  probe  borings  to  determine  the 
thickness  of  the  muck  layer. 

2.  Obtain  several  samples  of  the  muck  for  moisture 
content  determination  and  routine  tests,  if  desired. 
These  samples  can  be  taken  during  probe  boring  by 
driving  a  pipe  smaller  than  the  casing  into  the  soil  just 
below  the  elevation  penetrated  by  the  casing.  Samples 
should  be  obtained  near  the  middle  of  the  layer. 

3.  Determine  the  moisture  content  of  each  sample. 
Use  the  highest  value  and  assuming  that  this  value 
represents  the  moisture  content  at  the  liquid  limit, 
determine  the  compression  index,  Z,  from  figure  13. 
An  average  value  might  be  used  but  the  highest  value 
is  suggested  as  being  on  the  safe  side.  If  the  moisture 
content  of  one  of  several  samples  varies  considerably 
from  the  others,  it  should  be  discarded. 

4.  From  formula  (5)  determine  value  of  intercept  B. 
From  figure  1 1  select  the  load-compression  curve  near- 
est the  determined  values  of  B  and  Z.  If  no  curve  fits 
the  values  closely,  or  if  otherwise  desired,  the  load- 
compression  curve  may  be  plotted  since  the  data  are 
sufficient  to  fix  the  position  of  the  curve. 

5.  Determine  the  voids  ratio  corresponding  to  the 
natural  moisture  content,  using  a  specific  gravity  of 
2.6.  Determine  the  equivalent  load  from  the  selected 
load-compression  curve.  Add  the  amount  of  super- 
imposed load  to  be  used,  thus  obtaining  the  total  load. 
Read  off  the  ultimate  voids  ratio  from  the  chosen  curve. 
Compute  the  maximum  settlement. 

6.  Using  values  of  0.4  inch  for  du  and  known  field 
thickness,  Du  in  formula  (7),  determine  the  laboratory 
time  interval  corresponding  to  the  selected  field  time 
intervals.  Read  the  corresponding  percentages  off  of 
figure  14.  Any  of  the  six  time-compression  curves  may 
be  used  but  it  is  suggested  that  all  six  be  considered  as 
a  band,  and  for  each  time  interval  the  bottom  of  the 
band  be  read  since  tins  will  give  higher  percentages  and 
thus  any  error  will  be  on  the  side  of  safety.  Determine 
the  settlement  for  the  selected  time  interval. 


The  following  example  will  serve  to  illustrate  this 
short  approximate  method. 

Probe  borings  disclose  that  a  muck  layer  about  15 
feet  thick  exists  at  the  site  of  a  proposed  fill.  The 
muck  rests  on  a  firm  sand  and  is  entirely  under  water. 
The  proposed  fill  will  produce  a  pressure  of  1.5  tons  per 
square  foot.  The  natural  moisture  content  of  the  muck 
is  found  to  vary  from  100  to  120  percent.  Using  this 
latter  value,  the  compression  index,  Z,  of  this  soil  is 
about  1.33  according  to  figure  13.    From  formula  (5) 

S=0.66+Z=0.66  +  1.33  or  1.99. 

According  to  figure  11  these  values  indicate  a  load- 
compression  curve  closely  approaching  that  iV  core  5 
material.  Consequently,  that  curve  can  be  used. 
Using  a  natural  moisture  content  of  120  percent,  which 
corresponds  to  an  initial  voids  ratio  eu  of  3.12,  the 
sample  is  found  to  be  compressed  by  an  equivalent 
load  of  about  0.13  ton  per  square  foot,  as  read  off  the 
curve  for  core  5  material,  figure  11.  The  total  load  is 
thus  1.50+0.13  or  1.63  tons  per  square  foot.  Accord- 
ing to  the  curve  being  used,  this  load  is  capable  of 
compressing  the  muck  to  a  voids  ratio,  e2,  of  about 
1.70.  The  ultimate  settlement  for  an  initial  thickness, 
Du  of  15  feet  is 


■e2 


1+e, 


XDr 


3.12-1.70 
4.12 


X15  =  5.2  feet. 


Substituting  in  formula  (7)  for  the  laboratory  time 
period  corresponding  to  6  months  in  the  field 

*g=6X30Xl,440(15vx;12,2=about  1.3  minutes. 

According  to  figure  14  the  maximum  consolidation 
occurring  in  any  of  the  Four  Mile  Run  muck  samples 
in  the  laboratory  at  1.3  minutes  was  about  38  percent. 
Therefore  the  estimated  settlement  likely  to  occur  in 
6  months  is  38  percent  of  5.2  feet,  or  2.0  feet.  By  the 
same  procedure  the  settlement  after  1  year  is  estimated 
at  about  48  percent  or  2.5  feet,  and  the  settlement 
after  5  years  is  about  80  percent  of  the  maximum  or 
about  4.2  feet.  Similarly  the  settlement  after  any 
desired  time  can  be  determined. 

The  foregoing  is  not  recommended  as  an  accurate 
method  but  will  give  a  rough  estimate  of  settlements 
likely  to  occur  in  muck  beds  similar  in  character  and 
subjected  to  loading  of  the  character  discussed  in  this 
report.  In  any  case,  it  is  desirable  to  perform  the 
laboratory  tests  indicated  in  table  1  and  to  compare 
the  results  with  those  given  in  this  table,  and  plotted 
in  figures  3A  and  3B.  If  the  soil  in  question  shows  a 
considerable  variation  from  these  results,  this  method 
should  not  be  employed. 
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THE  MINNESOTA  FINANCIAL  SURVEY 


DIGEST  OF  A  SURVEY  OF  THE  FINANCES  OF  MINNESOTA  IN  1932,  WITH  SPECIAL  REFERENCE  TO  HIGHWAYS, 
CONDUCTED  BY  THE  BUREAU  OF  PUBLIC  ROADS  AND  THE  UNIVERSITY  OF  WISCONSIN 

Reported  by  ELIZABETH  CHURCH,  Assistant  Research  Analyst,  Division  of  Highway  Transport,  Bureau  of  Public  Roads 


THE  DEVELOPMENT  of  highway  systems,  for 
the  most  part,  has  been  a  process  of  evolution.  In 
the  past  but  little  information  has  been  gathered  con- 
cerning the  location  of  roads,  the  sources  of  revenue, 
the  places  of  expenditure,  and  highway  laws — infor- 
mation upon  which  rational  highway  planning  should 
be  based.  With  a  network  of  roads  laid  out  and 
partially  improved,  the  main  problems  now  confronting 
highway  officials  are  the  coordination  and  improvement 
of  service  in  accordance  with  traffic  needs  and  local 
economic  conditions. 

This  cooperative  economic  survey  is  intended  to 
serve  as  an  aid  to  highway  planners.  The  primary 
objective  of  the  survey  was  to  determine  all  facts  con- 
nected with  the  financing  of  roads  and  streets.  This 
involved  the  determination  of  highway  revenues,  dis- 
bursements and  debt,  the  relations  of  highway  receipts 
and  expenditures  to  all  other  public  financial  transac- 
tions, the  mileage  and  surfacing  of  the  various  systems 
of  roads,  and  general  data  concerning  the  distribution 
of  wealth  and  population  throughout  the  State. 

In  Minnesota  a  road-use  study  was  made  in  addition 
to  the  economic  survey.  The  purpose  of  this  second 
study  was  to  determine  the  amount  and  origin  of  travel 
upon  the  various  systems  of  roads  and  streets  in  both 
rural  and  urban  areas.  By  correlating  the  two  types 
of  studies  a  measurement  of  benefits  as  compared  with 
expenditures  can  be  made. 

The  Minnesota  financial  survey  is  the  fifth  of  a  series 
of  similar  investigations  conducted  in  various  States. 
It  was  carried  on  under  a  cooperative  agreement  be- 
tween the  Bureau  of  Public  Roads,  the  Minnesota 
State  Highway  Department,  and  the  University  of 
Wisconsin.1 

PLAN  OF  STUDY  OUTUNED 

Information  was  gathered  from  all  units  of  govern- 
ment within  the  State.  This  necessitated  the  consult- 
ing of  records,  personal  visits  to  State  officials  and  some 
county  and  local  officials,  frequent  conferences,  and 
the  compilation  of  data  obtained  by  many  thousands 
of  questionnaires.  The  data  so  gathered  were  tabu- 
lated, analyzed,  and  subsequently  presented  in  such 
form  as  to  facilitate  comparisons. 

Information  is  shown  for  the  rural  areas  and  urban 
places,  the  latter  being  grouped  according  to  population 
in  the  1930  census  as  follows: 

Group  1 — places  having  a  population  under  2,500. 

Group  2 — places  having  a  population  from  2,500  to 
14,999. 

Group  3 — places  having  a  population  from  15,000  to 
74,999. 

Group  4— places  having  a  population  from  75,000  to 
399,999. 

Group  5 — places  having  a  population  from  400,000  to 
999,999.  St.  Paul  and  Duluth  are  the  only  cities  in 
group  4  and  Minneapolis  is  the  only  city  in  group  5. 

1  The  study  was  made  during  1934  under  the  immediate  direction  of  Dr.  Henry  R. 
Trumbower,  professor  of  economics  at  the  University  of  Wisconsin  and  economist 
for  the  Bureau  of  Public  Roads,  and  H.  R.  Briggs,  field  investigator  and  statistician. 
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The  data  for  taxes  and  receipts  are  shown  by  type  of 
impost,  and  a  tabulation  showing  the  source  of  highway 
revenues  was  made.  Taxes  are  also  shown  by  the  unit 
of  government  responsible  for  their  levy  and  by  the 
class  of  place  liable  for  their  payment.  Expenditures 
are  classified  according  to  the  purpose  for  which  they 
were  made — highways,  education,  public  benefit,  and 
government.  They  are  shown  both  as  expended  by 
the  several  governmental  agencies  and  as  expended  in 
and  for  the  rural  areas  and  the  various  classes  of  urban 
places.  The  outstanding  indebtedness  is  classified  by 
the  unit  of  government  incurring  it  and  by  the  purposes 
for  which  originally  contracted.  Payments  for  debt 
service  are  divided  between  those  made  for  principal 
and  interest  and  are  shown  by  the  unit  of  government 
incurring  the  costs. 

In  this  summary  the  general  economic  facts  are 
presented  first  to  form  a  background  for  the  detailed 
discussion  of  highways  and  highway  usage  that  follows. 

The  following  definitions  are  basic  in  all  of  the 
surveys: 

Highway  refers  to  the  construction,  maintenance,  and 
administration  of  all  roads,  streets,  and  alleys.  Street 
cleaning  and  street  lighting  are  considered  items  of 
public  benefit  and  are  not  included  in  the  definition  of 
highways.  Highways  are  classified  as  State,  county, 
and  rural  roads  and  city  streets.  These  highway 
classifications  are  further  discussed  later  in  this  report. 

Education  consists  of  all  activities  in  connection  with 
the  construction,  maintenance,  and  administration  of 
and  teaching  in  all  public  schools.  The  functions  of 
public  libraries  are  considered  to  be  educational 
activities. 

Public  benefit  consists  of  all  items  pertaining  to  the 
protection  of  lives  and  property  and  the  pleasure  or 
well-being  of  the  people.  It  includes  police  and  fire 
protection,  courts,  sanitation,  parks  and  playgrounds, 
and  charitable  and  penal  institutions. 

Government  includes  all  items  concerning  the  general 
administration  of  public  affairs  not  included  in  the 
definitions  of  the  three  preceding  public  purposes. 
These  are  primarily  the  executive  and  administrative 
functions  of  government. 

Expenditures  are  public  costs  defrayed  out  of  public 
funds.  The  net  expenditures  (the  total  expenditures 
less  the  earnings  made  by  the  public  service  charged 
with  the  costs)  are  shown.  Interest  but  not  principal 
payments  on  indebtedness  are  included  in  the  definition 
of  expenditures. 

Debt  service  consists  of  the  interest  and  principal  pay- 
ments on  public  obligations  during  the  year.  The  total 
public  disbursements  can  be  obtained  by  adding  debt 
principal  payments  to  the  expenditures.  Debt  retire- 
ment payments  are  not  considered  as  a  cost  of  the 
current  year.  Such  practice  would  result  in  a  duplica- 
tion of  costs,  as  the  funds  are  considered  as  an  expendi- 
ture of  the  year  when  borrowed  and  spent. 

Imposts  include  every  payment  of  any  nature  made 
to  a  public  body  in  connection  with  the  authority  vested 
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Roads  on  the  State  Trunk  Highway  System. 

within  it.  Thus,  all  licenses,  fees,  permits,  special  as- 
sessments, and  taxes  proper  are  shown  as  imposts. 

User  revenues  are  the  imposts  paid  by  the  operators 
of  motor  vehicles  in  the  form  of  vehicle  license  fees, 
motor-fuel  taxes,  and  miscellaneous  motor-vehicle 
imposts. 

The  data  for  Minnesota  are  shown  for  the  calendar 
year  1932.  In  cases  where  the  calendar  and  fiscal  years 
did  not  coincide,  slight  adjustments  were  made  to  ob- 
tain comparable  statistics. 

POPULATION  AND  VALUATION  DATA  PRESENTED 

Minnesota  is  chiefly  a  farming  State,  with  almost 
two-thirds  of  its  total  population  of  2,563,953  living  in 
rural  areas  and  small  incorporated  places.  All  but  3 
percent  of  the  remainder  of  the  population  live  in  the 
three  cities  of  Minneapolis,  St.  Paul,  and  Duluth.  In 
Minnesota  there  are  only  13  cities  and  one  village 
(Hibbing)  having  populations  over  10,000.  The  popu- 
lation distribution  between  the  various  classes  of  places 
is  shown  in  table  1. 

Table  1. — Population\and  assessed   valuation  of  the   townships 
and  incorporated  places  in  Minnesota 


Population  ' 

Valuation  '' 

Per 

(.'lass  of  place 

Number 
of  persons 

Percent 

Amount 

Percent 

valua- 
tion 

Townships  (rural  areas) 

Places  to  2,499 

966,819 
339,  518 
312,054 
78.  137 
373,  069 
464,  35R 

37.7 
13.2 
13.3 
3.1 
14.6 
18.1 

$808,  798,  600 
192,  78S,  800 
191,  344,  500 
102,  232,  600 
258,  220, 100 
330.  853,  600 

42.9 

10.2 
10.2 
5.4 
13.7 
17.6 

$836.  56 
507.  S3 

Places  2,500  to  14,999 

Places  15,000  to  74,999 

St.  Paul  and  Duluth. _ 

692.  15 
712.  50 

Minneapolis 

State  total. 

2.  563,  953 

100.0 

1,  884,  238,  200 

100.0 

734.  90 

i  In  1931). 


'In  1932. 


Highway  Bridges  in  Minnesota:  Upper,  Bridge  Over  Red- 
wood River  at  Redwood  Falls;  Lower,  Bridge  Over 
Mississippi  River  at  Brainerd. 

The  total  assessed  valuation  of  Minnesota  in  1932 
was  $1,884,238,200,  of  which  42.9  percent  was  in  the 
rural  areas.  The  distribution  between  the  various 
classes  of  places  is  shown  in  table  1.  Hennepin,  Ram- 
sey, and  St.  Louis  counties,  assessed  at  more  than  45 
percent  of  the  total  valuation  of  the  State,  embody  only 
9  percent  of  the  area.  The  assessed  value  of  29  coun- 
ties comprising  over  45  percent  of  the  area  of  the  State 
is  only  12  percent  of  the  total  valuation. 

The  per-capita  valuation  ranges  from  $559  in  the 
places  having  a  population  from  2,500  to  14,999  to 
$1,308  in  the  places  having  a  population  from  15,000  to 
74,999.  The  high  per-capita  valuation  in  the  latter 
group  is  caused  by  the  inclusion  of  the  village  of  Hib- 
bing, where  mining  property  located  within  the  corpo- 
rate limits  raises  the  per-capita  valuation  to  $4,494. 

general  property  tax  principal  source  of  revenue 

In  Minnesota,  as  in  most  other  States,  the  principal 
source  of  revenue  is  the  general  property  tax,  which 
yielded  $127,496,900  in  1932.  This  amount  is  75.1  per- 
cent of  the  total  tax  levy  for  that  year.  Considered  as 
levies  on  general  property  and  therefore  included  in 
the  above  total  are  $8,371,300  of  special  assessments 
which  are  levied  by  the  local  units  of  government 
(table  2). 

The  State  levied  $14,856,000,  or  11.7  percent  of  the 
total  general  property  tax;  the  counties  levied  $24,977,- 
700,  or  19.6  percent;  and  the  urban  and  rural  local  units 
of  government  levied  $87,663,200,  or  68.7  percent. 

Of  second  importance  as  sources  of  revenue  are  the 
State  mo  tor- vehicle  imposts.  In  1932  the  motor- vehicle 
owners  contributed  $20,368,100  of  user  revenues.  This 
amount  was  12  percent  of  the  total  imposts  received. 
The  other  sources  of  revenue  are  also  shown  in  table  2. 
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Table  3  shows  the  units 
of  government  responsible 
for  the  levy  of  the  taxes 
listed  in  the  preceding  table. 
The  State  government  itself 
levied  almost  one-third  of 
the  total  taxes.  The  coun- 
ties for  their  purposes  levied 
about  half  as  much  as  did 
the  State.  The  total  county 
tax  levy  was  $25,966,700, 
or  $10.13  per  capita.  The 
remainder  of  the  imposts, 
amounting  to  $90,791,600, 
or  $35.41  per  capita,  were 
levied  by  the  local  units  of 
government  for  their  own 
purposes. 

PER-CAPITA  TAXATION  HIGHEST 
IN  CITIES 

All  State  and  county  im- 
posts are  ultimately  paid  by 
taxpayers  in  the  local  com- 
munities. Table  4  shows 
the  final  incidence  of  taxes 
by  type  of  tax  and  by  class 
of  place  charged  with  the 
payment.  By  deducting 
the  per-capita  tax  levied 
by  the  several  classes  of 
local  units  as  shown  in 
table  3  from  the  per-capita 
tax  paid  by  these  same 
residents  (table  4),  the  per- 
capita  State  and  county 
taxes  which  the  residents 
in  the  respective  places  must 
pay  can  be  found. 

Table  5  presents  data  that  facilitate  interesting  com- 
parisons. The  first  column  of  figures  shows  the  actual 
tax  rates  per  $100  of  valuation  as  levied  on  general 
property  in  the  several  classes  of  places.  The  second 
column  of  figures  gives  the  actual  rates  needed  to  raise 
all  funds  by  general  property  tax  levies.  The  last 
column  in  the  table  gives  the  percentages  that  general 
property  taxes  were  of  the  total  tax  levies,  and  shows 

Table  2. — Sources  of  revenue  by  type  of  lax  or  revenue  in  1932 


MINNESOTA  TAXES  IN  1932 

Total  taxes  and  imposts  levied  for  all  pur- 
poses in  Minnesota  in  1932  were  $169,742,600. 
Taxation  of  general  property  totaled  $127,496,- 
900;  all  motor- vehicle  imposts,  including  motor- 
fuel  tax,  $20,368,100;  other  taxes  including 
insurance  and  inheritance  taxes,  money  and 
credits  tax,  railroad  taxes,  and  miscellaneous 
State  and  local  revenues,  $21,877,600. 

Of  the  total  taxes  and  imposts  levied,  rural 
taxpayers  were  charged  with  $51,497,100,  or 
30.3  percent;  residents  of  incorporated  places 
having  a  population  to  2,499,  $21,780,800  or 
12.8  percent;  in  places  of  2,500  to  14,999  popu- 
lation, $23,430,800  or  13.8  percent;  in  places  of 
15,000  to  74,999  population,  $8,942,300  or 
5.3  percent;  in  St.  Paul  and  Duluth,  $27,486,500 
or  16.2  percent;  and  in  Minneapolis,  $36,605,- 
100  or  21.6  percent. 

The  average  actual  tax  rates  on  general 
property  per  $100  valuation  were  as  follows: 
Rural,  $4.88;  incorporated  places  to  2,499  in 
population,  $8.00;  places  of  2,500  to  14,999 
population,  $8.97;  places  of  15,000  to  74,999 
population,  $6.71;  St.  Paul  and  Duluth,  $8.16; 
and  Minneapolis,  $8.33. 

Rural  motor-vehicle  owners  paid  in  license 
fees  and  gasoline  taxes  an  average  of  $21.87; 
those  resident  in  incorporated  places  to  2,499 
population,  $27.36;  in  places  2,500  to  14,999 
population,  $29.95;  in  places  15,000  to  74,999 
population,  $34.36;  in  St.  Paul  and  Duluth, 
$36.05;  and  in  Minneapolis,  $36.72. 


Type  of  revenue 


Ad  valorem  general  property  taxes. 

Special  assessments __ 

Telephone  and  telegraph  taxes 

State  motor-vehicle  imposts 

Money  and  credits  tax 

Other  local  imposts  ' 

Inheritance  taxes 

Insurance  taxes.. 

Railroad  taxes 

Miscellaneous  State  revenue.. 


Total. 


Amount 


$119,125,6(10 
8, 371, 300 
898, 100 
20,  368, 100 
1,  257,  400 
4,117,400 
2, 607, 900 
1,  928, 800 
4,  304, 400 
6,  763,  600 


109,  742,  600 


Percent 


70.2 
4.9 


2.4 

1.6 
1.  1 

10 


II 10.  ii 


Per 

capita 


$46.  46 

3.26 

.35 

7.  94 
.49 
1.01 
1.02 
.75 
1.68 
2.64 


66.  20 


RECAPITULATION 


General  property  taxes . 

Special  assessments 

Motor-vehicle  imposts.. 

Other  local  imposts  l 

Other  State  receipts 


Total. 


$119,125,600 
8,371,300 
20, 368, 100 
4,117,400 
17,  760,  200 


169,742,600 


70.2 
4.9 

12.0 
2.4 

10.5 


100.0 


$46.  46 
3.26 
7.94 
1.61 
6.93 

66.20 


1  Includes  county,  township,  city,  and  village  fees,  fines,  licenses,  etc. 


that,  had  general  property 
been  subject  to  pay  all  taxes, 
the  rates  would  have  been 
from  30  to  40  percent  higher. 
The  taxes  imposed  for 
street  and  highway  purposes 
will  be  shown  in  more  detail 
later. 

HIGHWAY  EXPENDITURES 
AMOUNT  TO  $21.74  PER  CAPITA 

In  1932,  $175,488,500 
was  spent  by  the  State, 
counties,  and  local  units  of 
government  to  support  the 
varied  activities  carried  on 
for  the  residents  of  Minne- 
sota. The  State  itself  spent 
$53,582,800,  or  30.5  percent 
of  the  total  and  the  counties 
spent  $29,708,100,  or  16.9 
percent.  The  remainder, 
$92,197,600,  was  expended 
by  the  rural  and  urban 
areas  for  maintaining  the 
functions  of  the  local  gov- 
ernments. 

Of  the  total  amount  ex- 
pended by  the  State,  $32,- 
149,900  was  for  highways, 
$5,902,800  for  education, 
$13,774,000  for  public  ben- 
efit, and  $1,756,100  for 
government.  It  is  evident 
from  these  figures  that  the 
main  functions  of  the  State, 
as  measured  by  expendi- 
tures, are  the  construction 

and  maintenance  of  highways  and  the  protection  of 

persons  and  property. 


Table  3.—  Total  of  all  Stale  and  local  charges  imposed 
Slate  and  its  subdivisions  for  collection  in  1932 


by  the 


Unit  of  government  imposing  tax 

Amount 

Percent 

Per 
capita 

State 

$52, 984,  300 
25,  966,  700 
20,  794,  400 
11,881,900 
14,291,700 
4,  848, 100 
15, 876,  800 
23, 098,  700 

31.2 
15.3 
12.2 
7.0 
8.4 
2.9 
9.4 
13.6 

$20.  66 

Counties 

10.13 

Townships 

21.51 

Places  to  2,499.  . 

35.00 

Places  2,500  to  14,999.. 

41.78 

Places  15,000  to  74,999.. 

62.05 

St.  Paul  and  Duluth.. .. 

42.56 

Minneapolis.  ... 

49.74 

Total 

169,  742,  600 

100.0 

66.20 

Table  4. —  Total  of  all  State  and  local  charges  payable  by 
payers  in  the  local  units  of  government  in  1932 


tax- 


Paid  by  taxpayers  in — 

General 

property 

tax 

Motor 

vehicle 

and  motor 

fuel  taxes ' 

Other 
taxes 

All  taxes 

Per- 
cent 

Her 

capita 

$39,  448, 100 
15,  419,  200 
17, 164,  600 
6,  857,  900 
21,  058,  900 
27,  548,  200 

127,496,900 

$6,  289, 100 
3, 168, 900 
2,  532,  600 
080,000 
3,131,400 
4,  566, 100 

$5, 759, 900 
3, 192,  700 
3,  733,  600 
1,  404,  400 

3,  296,  200 

4,  490, 800 

$51,  497, 100 
21,780,800 
23,  430,  800 
8,  942,  300 
27, 480,  500 
36,  605,  100 

30.3 
12.8 
13.8 
5.3 
16.2 
21.6 

$53.  26 

Places  to  2,499 

64.15 

Places  2,500  to  14,999 
Places  15,000  to  74,999.— 

St.  Paul  and  Duluth 

Minneapolis 

68.50 
114.44 
73.68 
78.83 

Total 

20,  368, 100 

21,  877, 600 

169,  742,  600 

100.0 

66.20 

i  Includes  $32,700  out-of-State  registration  fees. 
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Table  5. — Comparison  between  the  lax  rate  on  general  properly 
necessary  to  produce  all  revenues  from  property  taxes  and  the 
actual  lax  rate  on  general  property  as  levied,  per  $100  valuation 


Tax  rate 

Percentage 

Actual  tax 

needed  to 

that  general 

rate  on 

raise  all 

property 

Unit  of  government 

general 

funds  by 

taxes  are 

property 

general 

of  all 

as  levied 

property 

taxes  and 

tax  levies 

imposts 

Townships ..  . 

$4.88 

$6.37 

76.6 

Places  to  2,499 

8.00 

11.30 

70.8 

Places  2,500  to  14,999 

8.97 

12.25 

73.2 

Places  15,000  to  74,999.... 

6.71 

8.  75 

76.7 

St.  Paul  and  Duluth 

8.16 
8.33 

10.64 
11.06 

76.7 

Minneapolis 

75  3 

Average  for  State ... 

6.77 

9.01 

75  1 

Of  the  total  county  expenditures  of  $29,708,100, 
$24,452,900,  or  82.3  percent,  was  for  highways  and 
public  benefit.  Only  a  relatively  small  amount  was 
spent  for  education  by  the  counties. 

The  local  rural  and  urban  areas  expended  11.8 
percent  of  their  money  for  highways,  56.5  percent  for 
education,  26.3  percent  for  public  benefit,  and  but  5.4 
percent  for  government  (table  6). 

Comparisons  between  the  amounts  spent  by  the 
various  governmental  units  for  the  several  purposes 
are  more  obvious  when  expressed  in  expenditures  per 
capita  (table  7).  Since  the  amount  spent  for  a  given 
purpose  is  an  indication  of  the  extent  to  which  a  unit 
of  government  performs  that  service  for  residents,  a 
comparison  of  the  functions  of  the  several  governments 
can  also  be  made  from  the  tables. 

From  table  8  it  can  be  seen  that  the  amount  spent 
for  education  in  Minnesota  was  33.2  percent  of  the 


total    expenditures,     for    highways    31.8,    for    public 
benefit  28.3,   and  for  government  6.7. 

Sixty  percent  of  the  expenditures  made  by  the  State 
government  was  for  highways.  This  was  57.7  percent 
of  the  total  amount  spent  for  roads  and  streets  in  the 
entire  State.  This  large  expenditure  is  to  be  expected, 
for  although  the  mileage  of  roads  administered  by  the 
State  is  comparatively  small,  the  high  types  of  con- 
struction and  high  standards  of  maintenance  require 
extensive  outlays. 

Table  6.—  Total  expenditures  in  Minnesota  in  1982  by  purpose 
and  by  governmental  unit 


State 

County 

Local 

Total 

Purpose 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

Highways: 

Percent 

Per  capita... 

$32, 149, 900 

57.7 

$12.  54 

60.0 

$12, 720, 700 

22.8 

$4.96 

42.8 

$10, 862, 000 

19.5 

$4.24 

11.8 

$55, 732, 600 

100.0 

$21. 74 

31.8 

Education: 
Amount 
Percent 
Per  capita... 

$5,  902,  800 

10.1 

$2.30 

11.0 

$301,  600 

0.5 

$0.12 

1.0 

$52,  072, 100 

89.4 

$20.31 

56.5 

$58,  276,  500 

100.0 

$22.  73 

33.2 

Public  benefit: 

Amount 

Percent 

Per  capita... 

$13,774,000 
27.7 
$5.37 

25.7 

$11,732,200 

23.  G 
$4.57 

39.5 

$24,  246,  20(1 
48.7 
$9.46 

26.3 

$49, 752, 400 

100.0 

$19.  40 

28.3 

Government: 

Amount 

Percent 

Per  capita... 

$1, 756, 100 
15.0 

$0.69 

3.3 

$4,  953,  600 
42.2 
$1.93 

16.7 

$5, 017, 300 
42.8 
$1.95 

5.4 

$11,727,000 
100.0 
$4.57 

6.7 

Total: 
Amount 

Percent 

Per  capita. .. 

$53, 582, 800 

30.5 

$20.  90 

100.0 

$29, 708, 100 

16.9 

$11.58 

100.0 

$92, 197, 600 

52.6 

$35  96 

100.0 

$175,488,500 

100.0 

$68.  44 

100.0 
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Table  7.- — -All  State  and  local  expenditures  in  1932,  and  -per  capita 
expenditures  by  purpose,  based  on  the  population  in  1930 


Expended  by- 


State 

Counties.. 

Townships 

Places  to  2,499  

Places  2,500  to  14,999- 
Places  15,000  to  74,999. 
St.  Paul  and  Duluth... 
Minneapolis 


Total. 


Total 
amount 


$53,  582,  800 
29,  708, 100 

14,  581, 000 

15,  859, 100 
17,  288,  200 

5,  030, 000 
14,743,900 
24,  695,  400 


175,  488,  500 


Per  capita  expenditure  for- 


High- 
ways 


$12.  54 
4.96 
4.03 
2.54 
3.74 
6.22 
4.61 
5.65 


21.  74 


Educa- 
tion 


$2.  30 
.12 
9.66 
35.39 
32,92 
34.  22 
19.  14 
20.76 


22.73 


Public 
benefit 


$5.37 
4.57 
.44 
6.60 
11.39 
19.96 
11.33 
25.63 


19.40 


Govern- 
ment 


$0.69 
1.93 
.95 
2.18 
2.49 
3.98 
4.44 
1.15 


4.57 


Total 


$20.  90 
11.58 
15.08 
46.71 
50.54 
64.38 
39.52 
53.19 


8.44 


Table  8. — Classification  of  expenditures  by  purpose  and  by  units 
of  government  in  1932 


Percentage  ol  expenditures 
by  the  units  of  govern- 
ment for  the  purposes  in- 
dicated 

Percentage  of  the  total  expendi- 
ture for  each  purpose  made 
by  each  unit  of  government 

Unit  of  government 

S3  <0 

T.  1* 

03 

<j  a 

3  o 

•O'B 

—  a 

■2  3 

3  a; 

Z  O 
o  £ 

__  o 

03 
o  O 

3  O 

3  <o 

Se- 

_ o 

W 

W 

Ph-^ 

O 

< 

w 

W 

(M-° 

es 

< 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

ez  nt 

i  ent 

ni 

State- 

611  II 

11.0 

25.7 

3.3 

100.0 

57.7 

10.  1 

27.7 

15.0 

30.  5 

Counties 

42.  S 

1.0 

39.  5 

16.7 

100.0 

22.8 

.5 

23.6 

42  2 

16.9 

Townships 

26.7 

64.  1 

2.9 

6.3 

100.0 

7.0 

16.0 

.9 

7.S 

8.3 

Places  to  2,499. 

5.4 

75.8 

14.1 

4.7 

100.0 

1.5 

20.6 

4.5 

6.3 

9.0 

Places  2,500  to  14,999. . 

7.4 

65.1 

22.6 

4.9 

100.0 

2.3 

19.3 

7.  S 

7.3 

9.9 

Places  15,000  to  74,999. 

9.7 

53.1 

31.0 

6.2 

100.0 

.9 

4.6 

3.  1 

2.7 

2.9 

St.  Paul  and  Duluth. 

11.7 

48.4 

28.7 

11.2 

100.0 

3.1 

12.3 

8.5 

14.  1 

8.4 

Minneapolis 

10.6 

39.0 

48.2 

2.2 

100.0 

4.7 

16.6 

23.  9 

4.6 

1 1  1 

Total 

31.8 

33.2 

28.3 

6.7 

100.0 

100.0 

100.0 

100.0 

100  ii 

100  (I 

About  26  percent  of  the  State  expenditure  was  for 
public  benefit.  The  largest  part  of  this  cost  was  for 
relief  purposes  and  for  the  maintenance  of  charitable 
and  penal  institutions.  The  amount  spent  by  the  State 
for  the  protection  and  care  of  persons  and  property- 
was  27.7  percent  of  the  total  expended  for  public  benefit. 

The  chief  functions  of  the  counties,  too,  are  the  con- 
struction and  maintenance  of  highways  and  the  protec- 
tion and  care  of  the  people.  The  State  and  counties 
together  spent  80.5  percent  of  the  total  expenditures 
made  in  Minnesota  for  highways  and  51.3  percent  of 
the  total  for  public  benefit. 

The  proportion  of  county  expenditures  for  govern- 
ment to  those  for  other  purposes  was  relatively  high, 
and  represented  42.2  percent  of  the  total  expenditures 
for  governmental  purposes  made  by  all  units  of  gov- 
ernment. This  resulted  from  the  large  expenditures 
incurred  in  connection  with  the  collection  and 
administration  of  taxes  and  interest  payments  on  bonds. 

The  greatest  proportion  of  expenditures  by  the  local 
units  of  government  was  for  education.  Of  the  total 
expenditure  of  $35.96  per  person,  $20.31,  or  56  percent, 
was  for  education.  Minneapolis  is  the  only  place  where 
the  expenditure  for  education  is  not  the  largest  single 
item;  the  amount  spent  for  public  benefit  in  Minneapo- 
lis exceeded  by  $4.87  per  capita  the  amount  spent  for 
education. 

In  the  rural  areas  a  relatively  small  amount  was 
spent  for  public  benefit.  Except  for  St.  Paul  and 
Duluth,  the  per-capita  expenditure  for  public  benefit 
tended  to  increase  as  the  size  of  place  increased. 

Expenditures  by  the  State  and  counties  are  made  in 
and  for  the  benefit  of  the  residents  in  the  rural  areas 


Table  9. — Per-capita  expenditures  by  purpose  in  the  several  classes 
of  places,  based  on  the  population  in  1930 


Class  of  place  in  which  expend- 
iture was  made 


Townships 

Places  to  2,499 

Places  2,500  to  14,999. 
Places  15,000  to  74,999 
St.  Paul  and  Duluth. 
Minneapolis 

Total 


High- 

Educa- 

Public 

Govern- 

ways 

tion 

benefit 

ment 

$46.  05 

$12. 10 

$9.91 

$3.47 

10.07 

37.84 

15.92 

4.70 

8.21 

35.  36 

21.28 

4.99 

6.88 

36.64 

29.  70 

6.23 

4.89 

21.52 

23.  93 

9.  13 

5.65 

23.12 

34.97 

2.54 

21.74 

22.73 

19.40 

4.57 

Total 


$71.53 
68.53 
69.84 
79.45 
59.47 
66.28 

68.44 


Table  10. — Per-capita  taxation  and  expenditures  in  193..', 
on  the  population  in  1930 


based 


Class  of  place 


Townships 

Places  to  2,499. 

Places  2,500  to  14,999... 
Places  15,000  to  74,999.. 
St.  Paul  and  Duluth... 
Minneapolis ... 

Average  for  State 


Per- 
capita 
taxation 


$53.  26 
64. 15 
68.50 

114.44 
73.  68 
78.83 

66.  20 


Per- 
capita 

expendi- 
tures 


$71.53 

68.  53 

69.  84 
79.  45 
59.47 
66.28 


68.  44 


Ratio  of  ex- 
penditures 

to  t;i Mil  Kin 


1.34 
1.07 
1.02 
.69 
.81 
.84 


1.03 


and  the  several  classes  of  urban  places.  For  example, 
the  total  amount  spent  in  the  rural  areas  for  all  pur- 
poses by  the  State,  counties,  and  townships  was  $69,160,- 
200,  or  39.4  percent  of  the  total  of  all  expenditures. 
This  was  $71.53  per  capita,  of  which  the  townships 
themselves  spent  $15.08  per  capita.  Nearly  two-thirds 
of  the  amount  spent  in  the  rural  areas  was  for  highways. 

It  is  not  to  be  inferred,  however,  that  this  highway 
expenditure  in  rural  areas  confers  an  undue  benefit  upon 
those  localities,  as  these  expenditures  were  primarily 
for  through  highways  traveled  by  vehicles  from  all  parts 
of  the  State. 

Table  9  shows  the  entire  amount  per  capita  spent  in 
each  class  of  place  by  all  governmental  agencies  for  all 
purposes. 

PER-CAPITA    EXPENDITURES     IN    RURAL    AREAS    EXCEEDED    PER- 
CAPITA  TAXATION 

A  comparison  of  the  taxes  and  expenditures  per  capita 
in  the  various  localities  is  given  in  table  10.  The  taxes 
are  those  paid  by  residents  of  the  communities;  the 
expenditures  are  those  made  in  and  for  the  residents  of 
the  localities  by  all  units  of  government.  The  table  indi- 
cates that  there  is  a  flow  of  funds  to  the  rural  areas  and 
smaller  urban  places.  The  per-capita  expenditures  in 
the  rural  areas  exceeded  the  per-capita  taxation  by 
$18.27.  On  the  other  hand  the  expenditures  in  the 
larger  urban  areas  were  less  than  the  taxes. 

The  expenditures  for  the  entire  State  exceeded  the 
taxation  by  $2.24  per  capita.  This  lag  of  taxes  behind 
expenditures  reflects  the  effect  of  financing  current  costs 
from  borrowings  and  balances. 

Comprehensive  figures  regarding  the  flow  of  funds 
from  urban  to  rural  communities  are  given  in  tables  11, 
12,  and  13.  These  tables  show  that  $69,160,200  was 
expended  in  the  rural  areas  by  all  governmental  agen- 
cies for  all  purposes,  while  the  same  communities  paid 
$51,497,100  in  taxes.  Of  the  total  expenditures  in  the 
rural  areas,  21.1  percent  was  made  by  the  townships 
and  78.9  percent  by  the  State  and  counties.  This  flow 
of  funds  to  the  rural  areas  is  due  mainly  to  the  large 
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Table  11. — Total  of  all  taxes  paid  by  residents  of  rural  and  urban  areas 


Type  of  impost 

Tax-levying  agency 

Area 

Local  governments 

State  and  county  governments 

All  governments 

Amount 

Percent 

Per  capita 

Amount 

Percent 

Per  capita 

Amount 

Percent 

Per  capita 

$20,731,700 
172, 500 

99.2 
.8 

$21. 44 
.18 

$18,  716, 400 
11, 876,  500 

61.2 
38.8 

$19. 36 
12.28 

$39, 448,  100 
12,049,000 

76.6 
23.4 

$40.  80 

12.46 

Rural.  

20, 904, 200 

100  " 

21.62 

30.  592. 900 

100.0 

31.64 

51,497,100 

100.0 

53.26 

66, 931, 500 
4,213,300 

94.1 
5.9 

41.91 
2.64 

21, 117,  300 
25, 983, 400 

44.8 
55.2 

13.22 

16.27 

88, 048, 800 
30, 196, 700 

74.5 
25.5 

55  13 

18.91 

Urban.    

71,144,800 

100.0 

44.55 

47, 100, 700 

100.0 

29.49 

118,245,500 

100.0 

74.04 

87, 663, 200 
4, 385, 800 

95.2 
4.8 

34.19 
1.71 

39, 833, 700 
37, 859, 900 

51.3 
48.7 

15.54 
14.76 

127, 496.  900 
42,  245,  700 

75.1 
24.9 

49.73 

16.47 

Total 

92, 049, 000 

100.0 

35.90 

77,693,600 

100.0 

30.30 

169, 742, 600 

100.0 

66.20 

Table  12. — Total  expenditures  by  purpose  as  made  by  all  units  of  government  for  residents  of  rural  and  urban  areas 


Purpose 

Local  governments 

State  and  county  governments 

All  governments 

Area 

Amount 

Percent 

Per  capita 

Amount 

Percent 

Per  capita 

Amount 

Percent 

Per  capita 

$3  894, 300 

26.7 

64.1 

2.9 

6.3 

$4.03 

9.66 

.44 

.95 

$40,  628,  800 
2,  361, 800 
9, 155,  000 
2, 433,  600 

74.4 
4.3 

16.8 
4.5 

$42. 02 
2.44 
9.47 
2.52 

$44, 523, 100 
11,704,700 
9,  579, 900 
3, 352, 500 

64.4 
16.9 
13.9 
4.8 

$46.  05 

Education . 

9, 342, 900 
424, 900 
918,900 

12.  10 

Rural                  

Public  benefit 

9.91 

3.47 

Total 

14, 581, 000 

100.0 

15.08 

54,  579,  200 

100.0 

56.45 

69, 160, 200 

100.0 

71.53 

[Highways 

6,  967,  700 
42,  729, 200 
23,821,300 

4, 098, 400 

9.0 

55.0 

30.7 

5.3 

4.36 
26.75 
14.92 

2.57 

4,241,800 

3,  842,  600 
16,351,200 

4,  276, 100 

14.8 
13.4 
56.9 
14.9 

2.66 
2.41 
10.23 
2.68 

11,209,500 
46,571,800 
40, 172,  500 
8,  374,  500 

10.5 

43.8 

37.8 

7.9 

7.02 

Education 

29.16 

Public  benefit 

25.15 

Government .                

5.25 

Total.- -.      

77,616,600 

100.0 

48.60 

28,  711, 700 

100.0 

17.98 

106, 328, 300 

100.0 

66.58 

'Highways 

10,862,000 
52,072,100 
24,  246,  200 
5,017,300 

11.8 

56.5 

26.3 

5.4 

4.24 

20.31 

9.46 

1.95 

44,  870,  600 
6,  204,  400 

25,  506,  200 
6,  709,  700 

53.9 
7.4 

30.6 
8.1 

17.50 
2.42 
9.94 
2.62 

55,  732,  600 
58,  276,  500 
49,  752,  400 
11.727,000 

31.7 

33.2 

28.4 

6.7 

21.74 

1  Education 

22.73 

Total               

1  Public  benefit.. 

19.40 

| Government..  .   

4.57 

Total 

92, 197,  600 

100.0 

35.96 

83,  290, 900 

100.0 

32.48 

175, 488, 500 

100.0 

68.44 

Table  13. — Highway  taxes  paid  by  residents  of  rural  and  urban  areas 


Type  n(  impost 

Tax-levying  agency 

Area 

l/ocal  governments 

State  and  county  governments 

All  governments 

Amount 

Percent 

Per 

capita 

Amount 

Percent 

Per 

capita 

Amount 

Percent 

Per 

capita 

(Property  imposts _ 

$5. 562,  700 

100.0 

$5.75 

$5, 028, 200 
6, 276, 000 

44.5 
55.5 

$5.20 
6.50 

$10,590,900 
6,  276, 000 

62.8 
37.2 

$10. 95 

Rural . 

lOther  imposts 

6.50 

All  imposts..  

5,  562,  700 

100.0 

5.75 

11,304,200 

100.0 

11.70 

16, 866, 900 

100.0 

17.45 

(Property  imposts  

4,110,100 

100.0 

2.57 

4,  613, 000 
14, 059, 400 

24.7 
75.3 

2.89 
8.80 

8,  723, 100 
14, 059, 400 

38.3 
61.7 

5.46 

Urban     

I  Other  imposts 

8.80 

1           All  imposts . 

4,110,100 

100.0 

2.57 

18,  672, 400 

100.0 

11.69 

22,  782, 500 

100.0 

14.26 

(Property  imposts ..     .. 



9. 672, 800 

100.0 

3  77 

9, 641, 200 
20, 335, 400 

32.2 
67.8 

3.76 
7.93 

19,314,000 
20,  335,  400 

48.7 
51.3 

7.53 

Total. 

J  Other  imposts 

7.93 

1          All  imposts 

9, 672, 800 

100.0 

3.77 

29, 976,  600 

100.0 

11.69 

39, 649, 400 

100.0 

15.46 

'  Does  not  include  $32,700  out-of-State  registration  fees. 

expenditures  for  highway  purposes.  This  does  not 
mean  that  subsidies  are  being  granted  to  rural  areas. 
The  residents  of  urban  areas  perform  travel  on  these 
rural  roads  approximately  commensurate  with  their 
contributions. 

Table  13,  which  classifies  highway  taxes,  is  of  par- 
ticular interest.  It  shows:  (1)  That  the  only  taxes 
levied  for  highways  by  the  local  governments  were 
property  imposts;  (2)  that  the  property  taxes  ac- 
counted for  one-third  of  the  levies  made  for  highways 


by  the  State  and  counties;  (3)  that  of  the  imposts  used 
for  roads  and  streets,  about  one-half  is  from  other- 
than-property  taxes,  mainly  motor- vehicle  revenues; 
(4)  that  the  per-capita  property  taxes  levied  for  high- 
ways in  the  rural  areas  were  more  than  twice  those 
levied  in  the  urban  areas;  and  (5)  that  the  property  taxes 
for  highways  were  almost  two-thirds  of  the  total  high- 
way taxes  paid  by  rural  residents,  while  in  the  urban 
areas  they  represented  but  a  little  over  one-third  of  the 
total  paid  by  urban  residents. 
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INDEBTEDNESS  IN  MINNESOTA  DISCUSSED 

The  total  outstanding  indebtedness  of  all  units  of 
government  in  Minnesota  in  1932  was  $334,597,800. 
This  consisted  of  .$321,580,700  of  bonded  debt. and 
$13,017,100  of  temporary  obligations.  Table  14  gives 
the  data  for  bonded  debt  only. 

The  bonded  indebtedness  of  the  State  government 
was  $111,335,300,  of  which  rural  credit  bonds  of  over 
$60,000,000  comprised  the  greater  portion.  These 
rural  credit  bonds  were  agricultural  loans  intended 
as  advances  during  an 
emergency.  The  State 
guaranteed  their  payment, 
and  as  the  interest  is  in 
default  upon  this  debt  it 
has  become  a  State  liability. 
The  debt  of  the  State  gov- 
ernment itself  was  34.6 
percent  of  the  total  for  all 
units  of  government. 

The  county  bonded  debt 
was  $45,890,600,  of  which 
over  $24,000,000  was  for 
drainage  ditches.  The 
counties  had  no  indebted- 
ness for  education. 

The  indebtedness  of  the 
townships,  villages,  and 
cities  was  $164,354,800,  or 
51.1  percent  of  the  total 
bonded  debt.  The  cities 
of  Minneapolis,  St.  Paul, 
and  Duluth  incurred  $109,- 
523,200,  or  66.6  percent 
of  this  total.  The  town- 
ships or  rural  areas  incurr- 
ed only  $7,346,100,  or  4.5 


MINNESOTA  EXPENDITURES  IN  1932 

The  total  expenditures  for  all  purposes 
(exclusive  of  principal  payments  on  bonds  and 
loans)  by  all  units  of  government  in  1932  were 
$175,488,500,  of  which  $55,732,600  was  ex- 
pended for  highways  and  streets,  $58,276,500 
for  education,  $49,752,400  for  public  benefit, 
and  $11,727,000  for  other  governmental  pur- 
poses. 

Expenditures  by  the  State  were  $53,582,800; 
by  the  counties,  $29,708,100;  by  Minneapolis, 
St.  Paul,  and  Duluth,  $39,439,300;  by  other 
incorporated  places,  $38,177,300;  and  by  the 
townships,  $14,581,000. 

Of  the  total  expenditures,  39.4  percent  was 
made  in  the  rural  areas  (townships) ;  13.3  per- 
cent in  incorporated  places  having  a  population 
to  2,499;  13.6  percent  in  places  of  2,500  to 
14,999  population;  3.5  percent  in  places  of 
15,000  to  74,999  population;  12.7  percent  in 
St.  Paul  and  Duluth;  and  17.5  percent  in 
Minneapolis. 


percent,  and  the  municipalities  of  less  than  75,000  popu- 
lation incurred  $47,485,500,  or  28.9  percent  of  the  total 
local  rural  and  urban  bonded  debt. 

Of  the  total  debt  of  $95,051,900  outstanding  for 
highways,  62.3  percent  was  contracted  by  the  State 
and  counties  for  use  on  trunk  and  other  main  highway 
routes. 

The  indebtedness  outstanding  for  public  benefit  was 
the  largest  amount  incurred  for  any  one  purpose.  Of 
the    total   debt   of   $130,999,300    incurred   for   public 

benefit,  the  State  and 
counties  contracted  $92,- 
653,300,  or  70.7  percent. 
Large  issues  of  rural  credit 
and  drainage  ditch  bonds 
account  for  approximately 
90  percent  of  the  public 
benefit  debt  incurred  by 
the  State  and  counties. 

Indebtedness  for  educa- 
tion totaled  $69,339,500, 
most  of  which  was  incurred 
by  the  local  units  of  gov- 
ernment. The  debt  for 
governmental  purposes 
amounted  to  only  8  percent 
of  the  total. 

Debt  service  consists  of 
interest  and  principal  pay- 
ments on  indebtedness. 
Interest  payments  ore  in- 
cluded in  the  total  expendi- 
tures, principal  payments 
are  not.  The  total  debt 
service  in  1932  was  $35,- 
732,800,  of  which  $20,304,- 
400  was  for  principal  and 


Table  14. —  Total  bonded  indebtedness  of  various  units  of  govern- 
ment by  purpose  in  1932 


Unit  of  government 

Uighways 

Educa- 
tion 

Public 
benefit 

Govern- 
ment 

Total 

State: 

Amount 

Per  capita 

$42,  759,  200 
16.67 

$772, 500 
0.30 

$66, 476, 800 
25.93 

$1, 326, 800 
0.52 

$111,335,300 
43.42 

Counties: 
Amount. 

16, 430, 100 
6.41 

26, 176, 500 
10.21 

3, 284,  000 
1.28 

45,  890,  600 

Per  capita 

17.90 

Townships: 

Amount 

1, 233, 300 
1.28 

5,  695.  900 
5.89 

81,  700 
0.08 

335,  200 
0.35 

7,  346,  100 
7  60 

Per  capita  . .  - 

Places  to  2,499: 

Amount 

1, 625, 900 
4.79 

13,  755, 400 
40.61 

4, 124, 100 
12.15 

2,  240,  800 
6.60 

21  746  200 

Per  capita . 

64.05 

Places  2,500  to  14,999: 
Amount 

2, 878, 100 
8.41 

10, 982, 200 
32.11 

5,  342, 600 
15.62 

2,  349,  300 
6.87 

21,  552.  200 
63  01 

Per  capita.. 

Places  15,000  to  74,999: 
Amount 

84,000 
1.08 

915, 000 
11.71 

573,  400 
7.34 

2,  614,  700 
33.46 

4  187  100 

Per  capita..  

53  59 

St.  Paul  and  Duluth: 

Amount 

11, 337, 100 
30.39 

14, 271, 500 
38.25 

20,  895,  600 
56.01 

3,611,400 

9.68 

50,115,600 
134  33 

Per  capita 

Minneapolis: 

Amount 

18,  704,  200 
40.28 

22, 947,  000 
49.42 

7, 328, 600 
15.78 

10,  427,  800 
22.46 

59,  407,  600 
127  94 

Per  capita 

Total: 

Amount 

95,  051,  900 
37.07 

69,  339,  500 
27.04 

130, 999, 300 
51.09 

26, 190,  000 
10.22 

321,  580,  700 
125.  42 

Per  capita..  

$15,428,400  for  interest 
(table  15).  Over  20  percent  of  the  total  revenues  of 
all  the  governmental  units  in  1932  was  used  for  interest 
and  debt-retirement  payments. 

Table  15. — Payments  for  debt  service  in  1932 


Unit  of  povernment 


State: 

Amount.. 
Per  capita 

Counties: 
Amount-. 
Per  capita 

Local:  ' 

Amount.. 
Per  capita 

Total: 

Amount.. 
Per  capita 


Principal 


$3, 969, 400 
1.55 


3,  776, 800 
1.47 


12,  558,  200 
4.90 


20,  304,  400 
7.92 


Interest 


$4, 648, 100 
1.81 


2, 580, 300 
1.01 


8,  200,  000 
3.20 


15,  428.  400 
6.02 


Totnl 


$8,  617.  500 
3.36 


6,  357, 100 
2.48 


20,  758.  200 
8.  10 


35,  732,  800 
13.94 


1  Townships  and  incorporated  places. 

MINNESOTA  HIGHWAY  SYSTEM  DESCRIBED 

There  are  four  main  classes  of  highways  in  Minnesota: 
(1)  The  State  trunk  system,  which  includes  the  Federal- 
aid  system;  (2)  county  roads;  (3)  local  rural  roads ;  and 
(4)  city  and  village  streets. 

The  routes  included  in  the  State  trunk  system  are 
designated  and  described  in  the  State  constitution  and 
are  identical  with  the  numbered  State  routes.     The 
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entire  construction  and  maintenance  costs  of  the  trunk 
routes  are  met  with  funds  available  to  the  State,  and 
these  State  roads  are  entirely  under  the  administration 
of  the  State  highway  department. 

County  roads  are  of  three  classes:  (1)  The  legally 
designated  State-aid  roads;  (2)  county-aid  roads;  and 
(3)  in  some  counties,  special  county  roads.  All  are 
administered  by  the  county,  although  some  of  the 
support  for  the  State-aid  roads  comes  from  the  State. 

Local  rural  roads  are  those  roads  other  than  State 
and  county  highways  lying  outside  corporate  limits. 
They  are  administered  and  entirely  financed  by  the 
townships. 

Urban  streets  are  thoroughfares  within  corporate 
units.  They  are  administered  by  municipal  authorities 
and  the  funds  for  their  support  are  derived  from  local 
sources.  For  the  most  part  the  State  trunk  roads 
lying  within  the  corporate  limits  are  financed  and 
administered  by  the  cities  in  the  same  manner  as  in 
the  case  of  all  urban  streets.  This  is  particularly 
true  of  the  larger  cities.  The  city  expenditures,  there- 
fore, include  amounts  spent  by  municipalities,  both  on 
the  streets  primarily  carrying  local  traffic  and  also  on 
those  streets  within  the  corporate  limits  that  form 
part  of  the  State  routes. 

The  total  mileage  of  the  roads  and  streets  comprising 
a  transportation  system  must  be  known  in  making  a 
complete  highway  analysis.  Except  in  a  few  States, 
however,  there  is  a  general  lack  of  adequate  and  reliable 
data  on  this  subject.  In  Minnesota  no  information  is 
available  concerning  the  mileage  of  city  streets,  and 
the  accuracy  of  the  figures  for  rural  highways  is 
questionable. 

One  of  the  primary  difficulties  connected  with  the 
problem  is  the  lack  of  uniformity  regarding  the  mean- 
ing of  the  term  "road."  Roads  may  vary  from  strips 
of  land  to  which  the  public  has  a  title  for  highway 
purposes  to  highways  open  and  available  to  vehicular 
traffic  the  year  round.  Because  of  the  presence  in 
northern  Minnesota  of  so  many  roads  that  have  legal 
status  but  are  not  actually  utilized,  field  measurements 
might  show  the  total  mileage  annually  suitable  for 
ordinary  vehicular  traffic  to  be  as  much  as  5  percent 
below  the  totals  that  have  been  compiled. 

Table  16  presents  information  on  the  mileages,  by 
types,  for  rural  highways.  In  1933,  4,500  miles  of 
highway  were  added  to  the  State  trunk  system  by 
legislative  act,  thus  making  a  total  of  11,272  miles  of 
trunk  routes  now  under  the  administration  of  the 
State  highway  department. 

Table  16. — Mileage  and  degree  of  improvement  of  rural  highways 

in  1932 


System 

Bitumi- 
nous con- 
crete and 
Portland 
cement 
concrete 

Bitumi- 
nous-treat- 
ed surface 

Gravel 

Earth 

Total 

p 

CD 

1 

c 
o 

(2 

in 
1 

n 

<D 

30.3 
2.8 
0) 

8 

c 
o 

P* 

1 

a 

CD 

CD 

Ph 

CD 

1 

a 
o 

(2 

o 
n 

CD 

o 

CD 

State 

2,407 
115 

-J 

35  5 

.4 
0) 

2,  460 

890 

21 

1,839 
22,  269 
22,  624 

27.2 
69.3 
31.2 

66 

8,  852 
49,  930 

1.0 
27.5 
68.8 

6,772 
32, 120 

72,  577 

1(JU.  0 
100.0 
100.0 

County 

Township 

28.8 
65.1 

Total.... 

2,524 

2.3 

3,371 

3.0 

46,  732 

41.9 

58, 848 

52.8 

111,475 

100.0 

100.0 

HIGHWAY  FUNDS  OBTAINED  FROM  SEVERAL  SOURCES 

The  construction  and  maintenance  of  roads  and 
streets  in  Minnesota  are  financed  from  the  proceeds  of 
property  taxes,  motor-vehicle  imposts,  Federal-aid 
apportionments,  and  temporary  and  long-term  borrow- 
ings. Federal  funds  in  1932  amounted  to  $4,457,200, 
of  which  $3,039,600  was  regular  Federal  aid  and 
$1,417,600  was  from  emergency  appropriations. 

Table  17  shows  that,  of  the  taxes  used  for  highways 
in  1932,  48.7  percent  came  from  the  general  property 
tax  and  51.3  percent  from  mo  tor- vehicle  revenues.  All 
of  the  special  assessments  were  made  by  the  local  units 
of  government. 

The  State  property  tax  for  highway  purposes  is  a 
1-mill  levy,  the  proceeds  of  which  are  allocated  to  the 
counties  for  use  upon  State-aid  roads. 

The  funds  for  the  local  township  roads  and  the 
streets  in  villages  and  cities  were  derived  from  local 
sources  entirely  from  levies  against  property.  In  the 
urban  communities  there  were  three  general  types  of 
property  imposts  used  for  street  purposes:  (1)  Special 
assessments;  (2)  property  taxes  levied  specifically  for 
highway  purposes;  and  (3)  property  taxes  levied  for 
general  fund  purposes.  The  proceeds  from  this  last 
type  of  levy  were  not  specifically  designated  as  high- 
way taxes,  but  highway  costs  were  met  out  of  them. 

Motor-vehicle  registration  fees. — Minnesota  is  one  of 
the  few  States  that  tax  motor  vehicles  on  the  basis  of 
valuation.  Vehicles  for  which  this  tax  is  paid  are 
exempt  from  the  regular  tax  on  personal  property. 
Unregistered  vehicles  in  the  hands  of  dealers  are  sub- 
ject to  the  personal  property  tax,  however. 


1  Less  than  0.1  percent. 


Table  17. —  Taxation  imposed  for  str<r/ 

in  1932 

and  hig) 

iway    purposes 

Type  of  tax 

Amount 

Percent- 
age of 
subtotal 

Percent- 
age of 
total 

Per 

capita 

On  general  property  by- 
State 

$1.  884.  200 
7.  7.17. 000 
6,619,900 
3,  052,  900 

9.7 
III  2 
34,3 

15.8 

4.7 
19.6 

16.7 
7.7 

$0.73 

County.. _  ._  

3.03 

Local        _  .   ...  .     .  

2.58 

Special  assessments     

1.19 

Total  property  taxes 

19.  314,  000 

100.0 

48.7 

7.53 

On  motor  vehicles  as  — 

Registration  fees  ' 

10,019,600 

10,  000,  600 

347,  900 

49.2 

49.1 

1.7 

25.2 

25.2 

.9 

3.91 

Fuel  taxes 

3.90 

Other  fees ..  .- 

.14 

20, 368, 100 

100.0 

51.3 

7.95 

39, 682, 100 

100.0 

15.48 

1  Includes  $32,700  nonresident  fees. 

A  total  of  $10,019,600  in  registration  fees  was  col- 
lected in  1932.  Minnesota  residents  paid  $9,986,900 
of  this  amount  and  out-of-State  residents  contributed 
$32,700.  The  cost  of  collecting  the  registration  fees 
was  $367,000  or  3.7  percent  of  the  total  gross  receipts. 
This  was  52  cents  per  vehicle  registered.  The  with- 
drawal from  the  highway  fund  was  $420,000  for  this 
cost.  Of  the  total  proceeds,  $2,418,900  was  committed 
to  retire  trunk  highway  bonds  and  to  pay  the  interest 
on  this  debt.  Only  $7,180,700,  therefore,  remained 
for  use  by  the  State  highway  department  on  the  trunk 
highways. 

The  motor-vehicle  license  fee  data  were  obtained 
from  records  in  the  State  offices.  A  representative 
sample  of  registrations  was  listed  and  analyzed,  and 
questionnaires  were  sent  to  motor-vehicle  owners  to 
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Graphical  Summary  of  Essential  Facts  Disclosed  by  Scrvey  of  Minnesota  Finances  in   1932. 
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Table  18. — Comparison  of  the  several  classes  of  local  governmental  units  as  to  motor -vehicle  imposts  paid,  population,  number  of  vehicles 

registered,  and  contribution  to  total  travel 


Population 

Motor  vehicles 
registered  l 

Persons 
per  ve- 
hicle 

Total  registration 
fees2 

Registra- 
tion fee 
per  ve- 
hicle 

Total  motor-fuel 
taxes 

Motor- 
fuel  tax 
per  ve- 
hicle 

Total  mo- 
tor-vehicle 
imposts3 

Contribu- 

Places of  ownership 

Number 

Percent- 
age of 
total 

Number 

Percent- 
age of 
total 

Amount 

Percent- 
age of 
total 

Amount 

Percent- 
age of 
total 

tion  to  total 
travel 

Townships: 

226, 947 
41,329 
12,326 

39.1 
40.8 
53.5 

4.3 
23.4 

78.4 

$2, 842,  300 
509, 700 
31,  500 

35.9 
25.6 

42.7 

$12.  52 
12.33 
2.56 

$2, 078, 600 
,  675,  400 

27.6 
27.3 

$9.16 
16.34 

$2, 920, 900 

1, 185,  100 

170, 000 

Vehicle-miles 
1,  221, 700, 000 

288, 400, 000 

Total. — - 

960,819 

37.7 

280,602 

39.8 

3.4 

3, 383, 500 

33.9 

12.06 

2,  754,  000 

27.5 

9.81 

6,  276, 000 

1,510,100,000 

Places  to  2,499: 

94, 516 
14,572 
4,498 

16.3 
14.4 
19.6 

3.6 
23.3 

75.5 

1,  246,  700 

280, 000 

15, 900 

15.8 
14  1 
21.6 

13.19 
19.21 
3.53 

1, 222, 300 
342, 800 

16.3 
13.8 

12.93 
23.52 

2,  469,  000 

622, 800 

71, 900 

716, 600, 000 

161, 000, 000 

Total-- -- 

339,  518 

13.2 

113,586 

16.1 

3.0 

1,542,600 

15.4 

13.58 

1,565,100 

15.7 

13.78 

.  3, 163, 700 

877, 600,  000 

Places  2,500  to  14,999: 

69, 264 
11,520 
2, 281 

11.9 
11.4 
9.9 

4.9 
29.7 
150.0 

931,  600 

269, 900 

10, 000 

11.8 
13.5 
13.6 

13.45 
23.43 
4.38 

956, 100 
320,  200 

12.7 
12.9 

13.80 
27.80 

1, 887, 700 

590, 100 

51,000 

507, 500, 000 

119,  700, 000 

Total 

342,  054 

13.3 

83, 065 

11.8 

4.  1 

1,211,500 

12.1 

14.58 

1,  276,  300 

12.8 

15.37 

2,  528,  800 

627, 200, 000 

Places  15,000  to  74,999: 

15, 038 

3,984 

460 

2.6 
3.9 
2.0 

5.2 

19.6 

169.9 

216,  700 

92,  400 

1,300 

2.7 
4.6 
1.8 

14.41 
23.19 
2.83 

251,  200 
107, 900 

3.3 

4.4 

16.70 
27.08 

467, 900 

200,  300 

10, 900 

133, 400, 000 

42, 800, 000 

Total     

78, 137 

3.1 

19, 482 

2.8 

4.0 

310,400 

3.1 

15.93 

359, 100 

3.6 

18.43 

679, 100 

176, 200, 000 

St.  Paul  and  Duluth- 

70, 109 

14,  487 
998 

12.1 
14.3 
4.3 

5.3 

25.8 

373.8 

1,  064,  300 

392,  400 

5,000 

13.4 
19.6 
6.8 

15.18 
27.09 
5.01 

1, 132, 100 
491,300 

15.1 
19.8 

16.15 
33.91 

2, 196,  400 

883,  700 

47, 300 

577, 900, 000 

159, 600, 000 

Total.- --- 

373,  069 

14.6 

85, 594 

12.1 

4.4 

1, 461,  700 

14.6 

17.08 

1, 623,  400 

16.2 

18.97 

3, 127,  400 

737, 500, 000 

Minneapolis: 

104, 675 
15,  426 
2,466 

18.0 
15.2 
10.7 

4.4 
30.1 
188.3 

1, 612,  700 

454,  500 

10, 000 

20.4 
22.7 
13.6 

15.41 
29.46 
4.06 

1, 883, 800 
538, 900 

25.0 
21.8 

18.00 
34.93 

3, 496, 500 

993, 400 

70, 500 

1, 023, 200, 000 

179,900,000 

Total     -- 

464,  356 

18.1 

122,  567 

17.4 

3.8 

2, 077,  200 

20.8 

16.95 

2, 422, 700 

24.2 

19.77 

4,  560,  400 

1,  203, 100, 000 

State  total: 

Passenger  cars 

580, 549 
101,318 
23,029 

100.0 
100.0 
100.0 

4.4 
25.3 
111.3 

7, 914, 300 

1, 998, 900 

73, 700 

100.0 
100.0 
100.0 

13.63 
19.73 
3.20 

7, 524, 100 
2, 476, 500 

100.0 
100.0 

12.96 
24.44 

15,  438, 400 

4,  475,  400 

421,  600 

4, 180, 300, 000 

Trucks  and  busses. . 

951, 400, 000 

Total 

2,563,953 

100.0 

704, 896 

100.0 

3.6 

9, 986, 900 

100.0 

14.17 

10,  000, 600 

100  0 

14.19 

20,  335,  400 

5,131,700,000 

1  Registered  by  Minnesota  residents. 


Paid  by  Minnesota  residents  only. 


»  Includes  $347,900  of  miscellaneous  motor-vehicle  revenues. 


determine  the  exact  allocation  of  motor  vehicles  in  the 
rural  areas  and  several  classes  of  urban  places.  The 
questionnaires  covered  the  situs  of  ownership  in  the 
year  1934  but  the  results  were  applied  to  1932  registra- 
tion figures.  On  the  basis  of  the  records  and  the  replies 
to  the  questionnaires,  the  distribution  shown  in  table 
18  was  made. 

There  were  706,186  motor  vehicles  registered  in  Minne- 
sota in  1932,  of  which  704,896  were  registered  by  Minne- 
sota residents  and  1,290  by  nonresidents.  Of  the 
resident  vehicles,  82.4  percent  or  580,549  were  passenger 
cars,  14.4  percent  or  101,318  were  trucks  and  busses, 
and  3.2  percent  or  23,029  were  other  vehicles  such  as 
trailers,  motorcycles,  and  tractors. 

Approximately  40  percent  of  the  motor  vehicles 
were  registered  in  the  rural  areas  and  paid  33.9  percent 
of  the  registration  fees.  This  amounted  to  $12.06  per 
vehicle.  The  registration  fees  in  the  urban  areas 
amounted  to  $6,603,400  or  $15.56  per  vehicle  licensed. 
As  the  size  of  place  increased  the  average  license  fee 
paid  increased.  The  average  fee  per  motor  vehicle  in 
Duluth,  St.  Paul,  and  Minneapolis  was  $17.  The 
difference  in  fees  is  attributed  to  the  fact  that  the  less 
valuable  cars  tend  to  be  registered  in  the  rural  areas. 
The  trend  is  even  more  pronounced  when  the  data  for 
passenger  cars  and   trucks  and   busses  are  analyzed 


separately.  It  is  also  interesting  to  note  that  the 
spread  between  the  average  fee  paid  for  passenger 
cars  and  that  paid  for  trucks  and  busses  tended  to 
increase  as  the  size  of  the  place  increased. 

Motor-fuel  tax. — Minnesota  collects  a  fuel  tax  of  3 
cents  per  gallon  on  gasoline  consumed  by  vehicles 
operating  on  the  highways.  Refunds  are  allowed  for 
nonhighway  use.  The  figures  shown  in  table  18  are 
the  net  amounts  collected.  Collections  are  made  by 
oil  inspectors  of  the  State  department  of  agriculture, 
dairy,  and  food.  Two-thirds  of  the  net  amount  col- 
lected is  given  to  the  State  highway  department  for 
use  on  the  trunk  highway  system  and  one-third  is 
given  to  the  counties  for  use  on  the  county-aid  roads. 

Of  the  State  road  and  bridge  funds  that  are  appor- 
tioned to  the  counties,  not  less  than  20  percent  must 
be  used  for  maintenance.  While  the  apportionments 
under  the  State-aid  act  may  vary  from  1  percent  to  3 
percent  of  the  total  funds  available,  the  statutes  do  not 
specify  the  determining  factors  as  to  the  amount  that 
may  be  made  available.  There  is  also  an  indefinite 
provision  relating  to  the  apportionment  of  the  gasoline 
tax  funds.  While  no  less  than  0.75  percent,  and  no 
more  than  3  percent,  may  be  apportioned  to  any  one 
county,  the  method  of  apportionment  is  simply  that 
"*     *     *     in  the  making  of  such  apportionment  regard 
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shall  be  had  to  the  mileage  of  county  and  town  roads 
and  the  traffic  needs  and  conditions  of  the  respective 
counties." 

The  State-aid  funds  paid  out  of  the  State  property 
tax  are  utilized  for  certain  county  roads  known  as 
State-aid  roads.  The  allotment  of  gasoline  tax  money 
to  the  counties  is  used  in  connection  with  funds  raised 
by  the  towns  on  roads  primarily  having  the  charac- 
teristics of  local  rural  highways,  although  they  are 
designated  as  county-aid  roads  and  are  generally 
treated  in  the  same  classification  as  other  county  roads. 

The  cost  of  collecting  the  motor-fuel  taxes  was  only 
$14,100,  or  0.14  percent  of  the  gross  receipts.  The 
cost  amounted  to  2  cents  per  vehicle. 

After  deducting  the  amount  paid  to  the  State  road 
and  bridge  fund  for  apportionment  to  the  counties, 
there  remained  $6,651,000  for  use  on  State  trunk  routes. 

To  determine  the  incidence  of  the  motor-fuel  tax, 
questionnaires  were  sent  to  22,000  motor-vehicle  owners 
selected  at  random.  The  questionnaire  requested  the 
owner  to  give  information  regarding  the  average  annual 
travel  performed,  the  amount  of  gasoline  consumed, 
and  the  average  number  of  miles  obtained  per  gallon. 

The  replies  were  analyzed  and  from  them  a  distribu- 
tion of  motor-fuel  taxes  was  made.  Table  18  contains 
a  tabulation  of  the  results. 

The  rural  areas  paid  33.9  percent  of  the  motor- 
vehicle  registration  fees  and  27.5  percent  of  the  gasoline 
taxes.  The  gasoline  taxes  amounted  to  $9.81  per 
vehicle.  As  was  the  case  with  motor-vehicle  registration 
fees,  the  gasoline  tax  per  vehicle  increases  as  the  size  of 
place  increases.  Minneapolis  motor-vehicle  owners 
paid  $19.77  per  vehicle  in  gasoline  taxes,  and  St.  Paul 
and  Duluth  vehicle  owners  paid  $18.97.  This  trend  is 
explained  as  follows:  Because  of  traffic  conditions,  the 
automobiles  in  urban  areas  get  less  mileage  per  gallon; 
the  heavier  vehicles  are  concentrated  in  the  cities;  and 
the  average  number  of  miles  traveled  annually  is 
greater  for  vehicles  owned  in  the  cities. 

Other  motor-vehicle  imposts. — Miscellaneous  motor- 
vehicle  imposts  total  $347,900.  These  imposts  include 
minor  charges  against  motor-vehicle  owners  such  as 
chauffeurs'  licenses,  duplicate  plates,  property  tax  on 
motor  vehicles  in  the  hands  of  dealers,  and  similar 
charges. 

Table  18  presents  interesting  data  regarding  motor- 
vehicle  fees,  and  for  purposes  of  comparison  shows  in 
addition  population,  registration,  and  travel  data  for 
the  various  places. 


FIFTY-EIGHT    PERCENT    OF    ALL  HIGHWAY   EXPENDITURES   MADE 
ON   STATE  TRUNK  SYSTEM 

The  contributions  in  1932  by  residents  of  the  rural 
and  urban  areas  to  the  costs  of  the  highway  program 
are  shown  in  table  19.  The  table  shows  the  total 
amounts  that  residents  in  each  class  of  place  contrib- 
uted, both  in  State  and  local  revenues.  The  propor- 
tion each  impost  bears  to  the  total  taxes  levied  can  also 
be  seen  from  this  table. 

Tables  20  and  21  show  the  sources  of  revenue  for 
road  and  street  purposes  classified  by  type  of  revenue 
and  by  contributing  agency.  The  highway  systems 
upon  which  the  revenues  were  used  are  also  shown. 
These  tables  summarize  all  information  on  the  sources 
of  highway  imposts  and  the  highway  systems  upon 
which  they  were  expended. 

EIGHTY  PERCENT  OF  ALL  ROAD  AND  STREET  EXPENDITURES  MADE 
ON  RURAL  ROADS 

Sufficient  data  have  been  obtained  so  that  the  figures 
on  road  costs  for  the  State,  county,  and  townships  are 
reasonably  accurate.  The  total  expenditures  for  city 
streets  were  also  obtained,  but  very  little  information 
was  found  concerning  the  respective  amounts  spent  for 
construction  and  maintenance.  For  this  reason  it 
has  been  deemed  inadvisable  to  estimate  the  propor- 
tionate amounts  spent  for  these  purposes. 

Table  22  shows  that  of  the  total  of  $55,732,600  spent 
for  highways  in  1932,  $32,149,900  or  57.7  percent  was 
expended  by  the  State;2  $12,720,700  or  22.8  percent 
was  expended  by  the  coimties;  and  the  remainder, 
$10,862,000  or  19.5  percent,  was  expended  by  the  local 
communities  for  rural  roads  and  urban  streets. 

The  amount  spent  on  the  State  trunk  highways 
includes  expenditures  on  the  urban  as  well  as  the  rural 
portions  of  the  trunk  routes.  About  11.5  percent  or 
$3,712,100  was  spent  on  the  State  trunk  routes  in 
corporate  limits.  Of  the  total  of  $32,149,900  spent  on 
trunk  routes,  $26,299,500  or  81.8  percent  was  spent  for 
construction,  $3,818,400  or  11.9  percent  for  main- 
tenance, and  $2,032,000  or  6.3  percent  for  overhead. 


1  Differences  will  be  found  between  some  of  the  figures  contained  in  this  report 
and  figures  previously  released  by  the  Bureau.  The  same  basic  figures  were  used  in 
preparing  the  Bureau's  previous  reports,  reports  made  by  the  Minnesota  State  High- 
way Department,  and  this  financial  survey,  but  there  are  differences  in  their  interpre- 
tation. 

This  report  reflects  the  actual  net  costs  during  the  year.  In  the  official  accounts 
there  are  often  credits  and  charges  for  previous  years  carried  over  into  the  accounts 
of  the  current  year  and  reflected  in  the  annual  financial  statements  of  the  highway 
department.  •  Such  transactions  have  been  eliminated  in  this  survey. 


Table  19. — 

■Incidence 

of  taxation  for  street  and  highway  -purposes 

Type  of  impost 

Paid  by  taxpayers  in— 

Motor-fuel  tax 

Registration  fees  ' 

Other  motor-vehicle 
imposts 

Special  assessments 

Property  tax 

Total 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Townships.   . 

$2, 754, 000 

1, 565, 100 

1,  276,  300 

359,  100 

1,  623,  400 

2,  422,  700 

27.5 
15.7 
12.8 
3.6 
16.2 
24.2 

$3,  396,  600 
1,  547, 800 
1,  215,  300 
311,300 
1,  465,  700 
2, 082, 900 

33.9 
15.5 
12.1 
3.1 
14.6 
20.8 

$138, 500 
56, 000 
41,  000 
9,600 
42, 300 
60,  500 

39.8 
16.1 
11.8 
2.8 
12.1 
17.4 

$10, 590, 900 

1, 563, 600 

1,341,800 

729, 900 

890,500 

1,  144,  400 

65.1 
9.6 
8.3 
4.5 
5.5 
7.0 

$16, 880, 000 
4, 953, 900 
4,  338, 600 
1,511,500 
4, 837,  200 
7,  160,  900 

42.5 

Places  to  2,499 

Places  2,500  to  14,999  .. 

$221, 400 

464,  200 

101, 600 

815,  300 

1,  450,  400 

7.3 

15.2 

3.3 

26.7 

47.5 

12.5 
10.9 

Places  15,000  to  74,999 

3.8 

St.  Paul  and  Duluth 

Minneapolis 

12.2 
18.  1 

Total 

10, 000, 600 

100.0 

10,  019,  600 

100.0 

347,900 

100.0 

3,  052,  900 

100.0 

16,  261, 100 

100.0 

39,  682, 100 

100.0 

25.2 

25.2 

.9 

7.7 

41.0 

100.0 

1  Includes  $32,700  of  nonresident  fees. 
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Snow  Removal  Is  an  Item  of  Highway  Maintenance  Expenditure. 

Table  20. — Funds  expended  on  the  several  highway  systems  and  the  city  streets  in  1932,  and  the  approximate  amounts  and  percentages 
of  these  funds  provided  by  imposts  made  by  the  various  governmental  units  and  by  loan  and  reserve  funds 


Governmental  agency  providing  funds 

Percentage 
of  total  cur- 
rent tax 
funds 

Percentage 

Highway  system  and  form  of  rovonuc 

Federal 
Governmonl 

tale 

$13,861,000 
13,831,700 

Counties 

Local 
governments 

Total 

613.861,000 

18.  288, 900 

of  total 
funds 

Ptate  trunk  system: 

Loans  and  reserves .     

$4, 457,  200 

43.8 

Total 

4, 457, 200 

27, 692,  700 

32,  149,  900 

67.7 

13.9 

86.1 

100.0 

County  highways: 

Loans  and  reserves 

$94, 600 
7, 406, 400 

94, 600 
12,  626, 100 

5,219,700 

30.3 

Total 

5,  219,  700 

7, 501, 000 

12,720,700 

22.8 

41.0 

69.0 

100.0 

Local  township  roads: 

Loans  and  reserves _ 

$43, 500 
3, 850, 800 

43, 500 
3, 850, 800 

9  2 

Total 

3, 894, 300 

3, 894, 300 

7  0 

Percentage  of  total 

100.0 

100.0 

City  streets: 

Loans  and  reserves 

6,  967, 700 

6, 967,  700 

16.7 

Total 

6, 967, 700 

6, 967, 700 

12.5 

Percentage  of  total _ 

100.0 

100.0 

All  roads  and  streets: 

Loans  and  reserves.. 

13,861,000 
19,051,400 

94, 600 
7, 406, 400 

43, 500 
10,818,500 

13, 999, 100 
41, 733,  500 

Current  taxes 

4, 457,  200 

100.0 

Total 

4, 457, 200 

32,912,400 

7, 501, 000 

10,  862, 000 

55,  732,  600 

100.0 

8.0 

59.0 

13.5 

19.5 

100.0 

March  1936 
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Table  21. — Approximate  amounts  of  the  1932  taxes  and  imposts  expended  on  the  current  highway  and  street  program  listed  according  to 

highway  system,  type  of  tax,  and  class  of  local  unit  in  which  the  tax  is  paid 

IMPOSTS  ON  GENERAL  PROPERTY  LEVIED  SPECIFICALLY  FOR  HIGHWAYS 


Highway  system 

Paid  by  taxpayers  in— 

State  trunk 

County  trunk 

Township 

Urban  streets 

All  highways  and  streets 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Percentage 
of  total 

Townships 

$4, 830, 000 

1,295,700 

1,  125,400 

664,  600 

865,  500 

509,  400 

55.  6 
70.1 
64.1 
65.  8 
59  8 
45.9 

$3, 850, 800 

44.4 

$8,  680, 800 
1, 847,  300 
1,756,400 
1,009,900 
1,  447,  100 
1,  110,000 

100.0 

100.0 
100.0 
100.0 
100.0 
100.0 

54  8 

Places  to  2,499 

$551,600 
631.000 
345,  HOI) 
581,  600 
600,  600 

3  i  9 
34.2 
40,  2 

54.  1 

1 1  6 

Places  2,500  to  14,999 

Places  15,000  to  74,999 

6  1 

St.  Paul  and  Duluth 

'.)  I 

Minneapolis 

7  0 

Total 

9,  290, 600 

58.6 

3, 850, 800 

24.3 

2,  7 10, 100 

17.  1 

15,851,500 

mo.  o 

100  0 

IMPOSTS  ON  MOTOR  VEHICLES 


Townships . 

$4, 263, 300 
2, 157,  200 
1,720,200 
462, 000 
2, 125,  900 
3,  103, 100 

82.3 
80.5 
80.1 
79.4 
79.7 
79.4 

$917, 300 
523,  700 
426,  900 
120, 100 
540,  300 
807,  200 

17.7 
19.5 
19.9 
20.6 
20.3 
20.6 

$5, 180,  600 
2, 680,  900 
2,  147,  100 
582, 100 
2,  666,  200 
3,910,300 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

30.2 

Places  to  2,499 

15.6 

Places  2,500  to  14,999 

12.5 

Places  15,000  to  74,999 

3.4 

St.  Paul  and  Duluth... 

15.  5 

Minneapolis 

22.  8 

Total 

13,831,700 

80.6 

3, 335,  500 

19.4 

17,167,200 

100.0 

ioo.  o 

OTHER  IMPOSTS  (INCLUDINO  GENERAL  FUND  PROPERTY  LEVIES) 


Townships 

Places  to  2,499 

•  110,800 
647,  200 
1 40,  500 

1,  136,700 

2,  022,  400 

100.0 

100.0 
100.0 
100.0 
100.0 

$310,800 

647,  200 

140,500 

1,  136,700 

2,022,400 

100.0 
100.0 
100.0 
100.0 
100  0 

7.3 

Places  2,500  to  14,999 

15.  2 

Places  15,000  to  74,999 

St.  Paul  and  Duluth 

26  7 

Minneapolis..  

47.  5 

Total.. 

1,257,600 

100.0 

4,  257,  600 

100.0 

100.0 

ALL  TAXES  AND  IMPOSTS 


Townships 

Places  to  2,499 

Places  2,500  to  14,999.. 
Places  15,000  to  74,999 
St.  Paul  and  Duluth. 
Minneapolis..- 

Total 

Federal  aid 

Loans  and  reserves... 

Grand  total 


$4,  263,  300 
2, 157,  200 
1,  720.  200 
162,0(10 
2,125,900 
3,  103, 100 


13,831,700 


4,  457,  200 
13,861,000 


32, 149,  900 


30.7 
44.6 
37.8 
26.7 
40.5 
44.  1 


37.1 


100.0 
99.0 


57.7 


$5,  747,  300 
1,  819,  400 
1,  552,  300 
784,  700 
1,  405, 800 
1,316,600 


12,626,100 


94,  600 


12,720,700 


41.5 
37.6 
34.  1 
45.3 
26.8 
18.7 

33.9 


0.7 


22.8 


$3,  850,  800 


3,  850,  800 


43,  500 


3, 894,  300 


27.8 


10.3 


$862,400 

1,278,200 
485,  800 

1,  718,  300 

2,  623,  000 


6,  967,  700 


6,  967,  700 


17.8 
28.  1 
28.0 
32.7 
37.2 


IX. 


12.5 


$13,861,400 
4, 839,  000 

4,  550,  700 
1,732,500 

5,  250.  OOO 
7,  012,  700 


37,  270,  300 


4,  457,  200 
13, 999,  1011 


55,  732.  600 


100.0 
100.0 
100.0 

100.  0 
100  0 
100.0 


100.0 


100.0 
100.0 


100.0 


37.  2 
13.0 

12.2 

Hi 
11  1 
18.9 


100.0 


Table  22. — Highway  and  street  expenditures  in  1932,  including 
prorated  overhead  costs 


Amount 

Percent 

Expended  on- 

Expended  by- 

Rural 
roads 

Urban 
streets 

State  (State  system)... 

$32, 149, 900 

12, 720,  700 

3,  894,  300 

862.  400 

1,  278,  200 
485,  800 

1,718,300 

2,  623,  000 

57.7 
22.8 
7.0 
1.5 
2.3 
.9 
3.1 
4.7 

$28.  437, 800 
12,191,000 
3,  894,  300 

$3,712, 100 

Counties  (county  system)... 

529,  700 

Townships. 

Places  to  2,499 

862, 400 

Places  2,500  to  14,999. 

1,  278,  200 

Places  15,000  to  74,999. 

485,  800 

St.  Paul  and  Duluth.. 

1,  718,  300 

Minneapolis 

2,  623, 000 

Total.... 

55,  732,  600 

100.0 

44,  523, 100 

11,209,500 

Table  23  shows  the  expenditures  on  the  rural  and 
urban  portions  of  the  State  trunk  system  divided 
between  construction  and  maintenance.  The  expendi- 
tures for  general  administration  and  other  overhead 
are  not  included. 

Expenditures  for  construction  include  costs  of  plan- 
ning and  engineering,  grading,  draining,  surfacing,  and 


Table  23. — Construction  and  maintenance  expenditures  in   I 
on  the  State  trunk  system,  in  both  rural  and  urban  areas  ' 


Construction 

Maintenance 

Construction  and 
maintenance 

system 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

$23,  204,  200 
3, 095, 300 

88.2 
11.8 

$3, 413,  600 
404, 800 

89.4 

10.6 

$26, 617, 800 
3,  500, 100 

88.4 

11.6 

Total.  

26,  299,  500 

100.0 

3,  sis,  (nil 

100.0 

30,117,900 

100.0 

1  Interest,  engineering,  supervision,  and  other  undistributed  overhead  costs  are  not 
included. 

the  machinery  used  in  connection  with  construction 
work.  Expenditures  for  the  construction  of  bridges 
and  grade  separations  and  reconstruction  are  also 
included.  The  costs  of  engineering,  patching,  patrol- 
ing,  machinery,  marking,  and  temporary  improvements 
such  as  light  oiling  and  regraveling  comprise  the 
maintenance  expenditures. 

All  engineering  costs  and  highway  department  sal- 
aries that  cannot  be  definitely  allocated  to  construction 
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or  maintenance  are  included  in  overhead  expenditures. 
The  cost  of  administering  the  motor-fuel  taxes,  interest 
payments  on  bonds  (but  not  principal  payments),  and 
damages  and  claims  are  also  overhead  expenditures. 

Of  the  $12,720,700  spent  by  county  governments  for 
highways  in  both  urban  and  rural  areas,  $5,181,000,  or 
40.7  percent,  was  for  construction;  $5,700,500,  or  44.8 
percent,  was  for  maintenance,  and  $1,839,200,  or  14.5 
percent,  was  for  overhead. 

The  counties  spent  $529,700,  or  4.2  percent,  of  the 
total  spent  on  the  urban  portions  of  the  county  roads 
(table  22)._ 

Township  expenditures  for  local  rural  roads  were 
$3,894,300.  The  construction  costs  were  $2,697,300,  or 
69.3  percent;  the  maintenance  costs  were  $1,097,400,  or 
28.2  percent;  and  the  overhead  costs  were  $99,600,  or 
2.5  percent.  The  expenditures  by  urban  places  on 
streets  were  $6,967,700  (table  22). 

The  annual  travel  on  the  various  highway  systems 
was  determined  by  the  road-use  survey.  The  total  ex- 
penditures on  the  several  highway  systems  reduced  to 
cost  per  vehicle-mile  are  shown  in  table  24. 

Table  24. — Highway  expenditures  per  vehicle-mile  of  travel  in 
1982  on  the  several  systems  of  roads  as  determined  by  the  Minne- 
sota road-use  survey 


Highway  system 


State  systom .     .  . 

County  roails 

Township  road 
City  streets. ..  ._. 

All  highways 


Highway  ex- 
penditures 
per  vehicle- 
mile 


Cents 


1.  l 
1.3 
1.3 

.5 


Annual  travel 


Vehicle-miles 

2,276,400,000 

1,0 1  (',,500,000 

311,200,000 

1,527,600,000 


5,  131,700,000 


HIGHWAY  TAXES  AND  EXPENDITURES  COMPARED 

Expenditures  by  the  State  and  counties  are  made  for 
the  benefit  of  residents  in  both  the  rural  and  urban  areas. 
The  total  highway  expenditure  in  these  areas,  therefore, 
is  the  sum  of  the  State  and  county  highway  expenditures 
plus  the  amount  spent  by  the  locality  itself. 

The  total  amount  spent  for  highways  in  the  rural 
areas  of  the  State  was  $44,523,100,  or  79.9  percent,  of  the 
total.  The  balance,  $11,209,500,  was  spent  in  the 
urban  places.  Table  25  shows  the  allocation  of  high- 
way expenditures  and  highway  taxes  by  the  several 
local  units  of  government.  In  the  entire  State  the 
highway  expenditures  were  40  percent  more  than  the 
taxes  collected  for  them. 

The  outstanding  highway  debt  of  all  governmental 
units  in   Minnesota  in    1932   was  $95,051,900.     The 

Table  25. — Comparison  of  street  and  highway  taxes  and  expendi- 
tures in  1932  by  places 


Type  of  place 


Townships 

Places  to  2,499 

Places  2,500  to  14.999. 
Places  15,000  to  74,999 
St.  Paul  and  Duluth. 
Minneapolis 

Total. 


Street  and  highway 
taxes  paid 


Amount 


$16, 880, 000 
4, 953, 900 
4, 338, 600 
1, 511, 500 
4,837,200 
7, 160, 900 


39,  682, 100 


Per- 
cent 


100.0 


Street  and  highway 
expenditures 


Amount 


$44,  523, 100 
3, 417, 600 
2, 808, 800 
537, 400 
1, 822, 700 
2, 623, 000 


55,  732,  600 


Per- 
cent 


79.9 
6.  1 
5.0 
1.0 
3.3 
4.7 


100.  0 


Ratio 
of  ex- 
pendi- 
tures 
to  taxes 


2.64 
.69 
.65 
.36 
18 
.37 


1.40 


Table  26. — Average  number  of  miles  traveled  per  vehicle  on  the 
highway  systems  and  local  streets  of  Minnesota  by  Minnesota 
motor  vehicles  in  1932 


Place  of  ownership  and  type  of 
vehicle 

State 

trunk 

highways 

County 

trunk 
highways 

Local 

roads  and 

streets 

Total 

Townships: 

Passenger  cars 

Miles  per 

vehicle 

2.202 

3,329 

2,375 

Miles  per 

vehicle 

2.315 

2,491 

2,342 

Miles  per 

vehicle 
866 
1,158 
912 

Miles  per 
vehicle 
6,383 

Trucks  and  busses 

6,978 

All  vehicles ... 

5,629 

Percentage  of  total 

42.2 

41.6 

16.2 

100.0 

Places  to  2,499: 

Passenger  cars..     

4,602 
5,  735 
4,755 

1,858 
2,762 
1,979 

1,122 
2,552 
1,311 

7,582 

Trucks  and  busses.     ... 

11,049 

All  vehicles .  

8,045 

Percentage  of  total _ 

59.1 

24.6 

16.3 

100.0 

Places  2,500  to  14,999: 

Passenger  cars 

4,404 
4,686 
4,441 

1,077 
1,611 
1.157 

1,846 
4,094 
2,166 

7,327 

Trucks  and  busses 

10, 391 

All  vehicles 

7,764 

Percentage  of  total... _. 

57.2 

14.9 

27.9 

100.0 

Places  15,000  to  74,999: 

Passenger  cars 

4,799 
2,815 
4,381 

825 

1,504 

973 

3,247 
6.424 
3,909 

8,871 

Trucks  and  busses.  . 

10, 743 

All  vehicles..  ..  .     ... 

9,263 

Percentage  of  total 

47.3 

10.5 

42  2 

100.0 

St.  Paul  and  Duluth: 

2,720 
3, 349 
2,824 

264 
231 
262 

5,259 

7,437 
5,632 

8,243 

Trucks  and  busses 

11,017 

All  vehicles..     .  

8,718 

Percentage  of  total 

32.4 

3.0 

64.6 

100.0 

Minneapolis: 

Passenger  cars 

3,626 
3,860 
3,656 

362 
35 

321 

5,787 
7,767 
6,040 

9,775 

Trucks  and  busses 

11,662 

All  vehicles ... 

10, 017 

Percentage  of  total  

36.5 

3.2 

60.3 

100.0 

State  total...  

3,240 

3,897 
3,342 

1,455 
1,690 
1.490 

2,506 
3,  803 
2,694 

Passenger  cars 

7,201 

Trucks  and  busses.  .  

9,390 

All  vehicles 

7,526 

Percentage  of  total 

44.4 

19.8 

35.8 

100.0 

Table  27.- — Percentage  distribution  of  travel  on  the  various  highway 
systems  in  Minnesota  in  1932  provided  by  vehicles  in  the  various 
classes  of  places 

DISTRIBUTION  BY  PLACE  OF  ORIGIN  OF  TRAFFIC 


Highway  system  on  which  travel  was  performed 

Unit  of  government  where 
traffic  originated 

State 
system 

County 

roads 

Local 

roads  and 

streets 

All  high- 
ways 

Townships 

Percent 
28.0 
22.8 
15.8 
3.6 
10.5 
19.3 

Percent 
61.8 
21.2 
9.2 
1.8 
2.2 
3.8 

Percent 

13.3 

7.8 

9.5 

4.0 

25.9 

39.5 

Percent 
29.4 

Places  to  2,499 

17.1 

Places  to  2,500  to  14  999 

12.2 

Places  15,000  to  74,999 

3.4 

St.  Paul  and  Duluth 

14.4 

Minneapolis 

23.5 

Total 

100.0 

100.0 

100.0 

100.0 

DISTRIBUTION  BY  HIGHWAY  SYSTEM  ON  WHICH  TRAVEL  WAS 
PERFORMED 


Townships 

Places  to  2,499 _. 

Places  2,500  to  14,999. 
Places  15,000  to  74,999 
St.  Paul  and  Duluth. 
M  inneapolis 

Total 


42.2 
59.1 
57.2 
47.3 
32.4 
36.5 


44.4 


41.6 
24.6 
14.9 
10.5 
3.0 
3.2 


19.8 


16.2 

100 

16.3 

100 

27.9 

100 

42.2 

100 

64.6 

100 

60.3 

100 

35.8 

100 

State  accounted  for  $42,759,200  or  45  percent  of  the 
total;  the  counties  accounted  for  $16,430,100  or  17.3 
percent;  the  cities  of  Minneapolis,  St.  Paul,  and 
Duluth   accounted  for   $30,041,300   or   31.6   percent; 
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and  the  townships  and  smaller  municipalities  accounted 
for  $5,821,300  or  6.1  percent.  Twenty-nine  million 
dollars  of  trunk  highway  bonds  and  $13,759,200  of 
county  highway  reimbursement  bonds  assumed  by  the 
State  comprise  the  State  highway  debt.  The  county 
highway  debt  was  contracted  to  provide  through  traffic 
facilities  to  supplement  the 
State  trunk  system. 
Hennepin  and  Ramsey 
counties  alone  incurred 
$10,922,200  or  66.4  percent 
of  the  total  county  high- 
way indebtedness. 

The  townships  bonded 
themselves  to  the  extent  of 
$1,233,300  or  3.4  percent  of 
the  local  debt  for  highways. 
Minneapolis,  St.  Paul,  and 
Duluth  incurred  83.8  per- 
cent of  the  total  local  rural 
and  urban  highway  debt. 
As  the  size  of  place  in- 
creases the  demand  for 
transportation  facilities 
increases.  This  fact  is  re- 
flected in  per-capita  debts 
for  highway  purposes 
which  range  from  $1.28  in 
the  townships  to  $40.28  in 
Minneapolis. 

Highway  debt  service 
in  1932  was  $8,487,200,  of 
which  $4,085,000  was  for 
interest  and  $4,402,200  for 
principal  payments.  The 
State  paid  $4,150,800,  of 
which  $1,713,900  was  for 
interest  and  $2,418,900  for 
principal.  The  counties 
spent  $1,284,400,  of  which 
$739,300  was  for  interest 
and  $545,100  for  principal. 
The  various  other  units 
spent  $3,052,000,  of  which 
$1,613,800  was  for  interest 
and  $1,438,200  for  debt 
retirement. 

Part  of  the  motor-vehicle 
registration  fees  are  im- 
pounded for  the  payment 
of  interest  and  principal  on 
the  State  highway  debt. 
The  debt  service  of  other 
units  of  government  is  paid 
"rom  property  tax  receipts. 


RELATIONS  BETWEEN  HIGHWAY  TAXES 
PAID,  HIGHWAY  EXPENDITURES,  AND 
TRAVEL 

The  total  mileage  of  rural  highways  in  Min- 
nesota in  1932  was  111,475.  The  State  high- 
way system  consisted  of  6,772  miles;  the 
county  highway  system  contained  32,126  miles; 
and  the  local  township  roads  consisted  of  72,577 
miles.  No  data  are  available  on  mileage  of 
village  and  city  streets. 

The  total  travel  (exclusive  of  travel  by  out- 
of-State  vehicles)  on  all  roads  and  streets  in 
Minnesota  during  the  year  1932  was  over  5 
billion  vehicle-miles,  of  which  29.4  percent  was 
performed  by  vehicles  of  rural  ownership;  17.1 
percent  by  vehicles  owned  in  incorporated 
places  having  a  population  to  2,499;  12.2  per- 
cent by  vehicles  owned  in  places  2,500  to  14,999 
population;  3.4  percent  by  vehicles  owned  in 
places  15,000  to  74,999;  14.4  percent  by  vehicles 
owned  in  St.  Paul  and  Duluth;  and  23.5  percent 
by  vehicles  owned  in  Minneapolis. 

Expenditures  on  the  State  highway  system 
in  1932  were  $32,149,900;  on  the  county  sys- 
tem, $12,720,700;  on  local  township  roads, 
$3,894,300;  and  on  city  streets,  $6,967,700. 

Of  the  total  property  taxes  expended  on  all 
roads  and  streets,  58.6  percent  was  expended 
on  county  highways,  24.3  percent  on  the  local 
township  roads,  and  17.1  percent  on  urban 
streets. 

Of  the  total  motor-vehicle  taxes  expended  on 
all  roads  and  streets,  80.6  percent  was  expended 
on  State  trunk  highways,  19.4  percent  on  county 
trunk  highways,  and  none  on  urban  streets. 

Of  all  taxes  and  imposts  expended  on  all 
roads  and  streets,  rural  property  and  motor- 
vehicle  owners  paid  36.8  percent,  and  travel  by 
rural-owned  vehicles  made  up  29.4  percent  of 
the  total  travel  on  all  roads  and  streets ;  city  and 
village  property  and  motor-vehicle  owners  paid 
63.2  percent,  and  travel  by  city-  and  village- 
owned  vehicles  made  up  70.6  percent  of  the 
total  travel. 


sample.  The  obtaining  of  an  accurate  cross-section  was 
thus  insured.  During  the  work  statistical  checks  were 
constantly  made.  The  residts  obtained  in  one  section 
wore  compared  with  those  obtained  in  other  sections 
and  with  the  total;  and  the  average  mileages  and  gaso- 
line consumption  for  specific  localities  obtained  from 

the  questionnaires  used  to 
allocate  the  gasoline  taxes 
were  compared  with  similar 
figures  obtained  from  the 
interviews. 

The  extent  of  tourist 
and  other  travel  by  out-of- 
State  vehicles  was  not  dis- 
closed by  the  road-use  sur- 
vey. It  is  estimated,  how- 
ever, that  this  constitutes 
but  a  small  fraction  of  the 
total  traffic  and  is  almost 
the     State 


EARLY  TWO-THIRDS  OF  ALL  MOTOR- VEHICLE  TRAVEL  PERFORMED 
ON  STATE  AND  COUNTY  TRUNK  HIGHWAYS 

Data  regarding  the  average  annual  travel  of  motor 
vehicles  have  been  developed  from  the  gasoline  tax 
questionnaires  and  the  road-use  survey.  The  road-use 
survey  discloses  further  the  approximate  amount  of 
travel  upon  the  different  highway  systems  in  the  several 
classes  of  localities  and  the  origin  of  that  travel. 

The  road-use  survey  is  not  a  traffic  count.  For  the 
nformation  necessary  to  make  the  study,  7,500  personal 
,.nterviews  were  made.  Motor-vehicle,  population,  and 
occupation  data  were  used  as  bases  for  the  selection  of  a 


entirely    on 
system. 

Minnesota  motor  vehi- 
cles in  1932  traveled  approx- 
imately 5,131,700,000  vehi- 
cle miles  upon  all  highways 
in  the  State.  Of  this  mile- 
age traveled,  2,276,400,000 
miles  or  44.4  percent  was 
upon  the  State  trunk  routes, 
1,016,500,000  or  19.8  per- 
cent upon  county  roads, 
311,200,000  or  6.1  percent 
upon  local  town  roads, 
and  1,527,600,000  or  29.7 
percent  was  upon  urban 
streets. 

Of  the  total  travel,  4,1 80,- 
300,000  vehicle-miles  was 
the  travel  by  passenger  cars 
and  951,400,000  vehicle- 
miles  the  travel  by  trucks 
and  busses. 

In  table  26  the  figures  for 
the  travel  performed  by  pas- 
senger cars  and  by  trucks 
and  busses  owned  in  the 
several  classes  of  places 
upon  the  State,  county, 
and  local  roads  are  shown 
as  the  average  annual 
miles  per  vehicle.  It  is 
evident  that:  (1)  Trucks 
and  busses  travel  more 
than  do  passenger  cars; 
(2)  urban-owned  vehicles 
travel  more  than  do  rural- 
owned  vehicles;  (3)  the  amount  of  travel  tends  to 
increase  as  the  size  of  place  increases;  and  (4)  almost 
half  of  the  total  travel  was  upon  State  trunk  high- 
ways. 

Table  27  expresses  in  percentages  the  origin  of  travel 
on  the  various  highway  systems.  From  this  table  it  is 
seen  that  the  primary  use  of  the  county  roads  is  by  rural 
residents.  The  extensive  use  of  the  State  system  by 
the  vehicles  of  all  communities  is  again  emphasized. 
Table  27  also  gives  the  percentage  of  travel  divided 
among  the  highway  systems  upon  which  it  was  per- 
formed. 
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Common-carrier  vehicles  do  not  contribute  heavily 
to  the  total  travel  on  Minnesota  highways.  Data  con- 
cerning the  travel  of  all  motor  vehicles  under  the 
jurisdiction  of  the  Minnesota  Railroad  and  Warehouse 
Commission  were  analyzed  and  tabulated.  This  travel 
accounts  for  only  about  18,800,000  veliicle-mdes,  or  0.4 
percent  of  a  total  of  over  5,000,000,000  vehicle-miles. 

TRAVEL  PER  VEHICLE  GREATEST  FOR  VEHICLES  OWNED 
IN  LARGE  CITIES 

From  the  gasoline  tax  questionnaires  and  the  road- 
use  interviews  the  average  gallons  of  gasoline  pur- 
chased annually  in  the  State  by  Minnesota  motor- 
vehicle  owners  were  computed.  Table  28  shows  this 
tabulation  in  detail.  The  gasoline  consumption  per 
vehicle  increases  as  the  size  of  place  increases  and  the 
average  for  trucks  and  busses  is  higher  than  for  passen- 
ger cars. 

Table  28. — Average  annual  travel  and  gasoline  consumption  per 
vehicle  in  1932  by  place  of  ownership 


Average  annual  gasoline 
consumption  by- 

Average    annual    travel 
by- 

[Mace  <> r  <n\  ncrship 

Passen- 
ger cars 

Trucks 

and 
busses 

All 
ve- 
hicles 

Passen- 
ger cars 

Trucks 

and 
busses 

All 

ve- 
hicles 

Gallons 
per 

vehiclt 
345 
487 
520 
629 
608 
678 

Gallons 

per 

vehicle 

616 

886 

1.048 

1,020 

1,277 

1.315 

Gallons 
per 

reh iele 
370 
519 
579 
694 
714 
745 

Miles 

per 
vehiclt 
5,383 
7.  582 
7,327 
8,871 
8,243 
9,775 

Miles 

per 
vehicle 

6,978 
1 1 .  049 
10,391 
10,  743 
11.017 
11,662 

Miles 

per 
i chicle 
5, 629 

Places  to  2.499 

8,045 

Places  2,500  to  14,999.. 

Places  15,000  to  74,999 

St.  Paul  and  Duluth 

7,764 
9,  263 
8,718 
10,  017 

Enlire  State ... 

488 

921 

534 

7,201 

9,390 

7.526 

Table  29  presents  in  concise  form  the  relations  exist- 
ing between  the  various  classes  of  places  with  respect 
to  five  of  the  major  sets  of  facts  determined  by  this 
survey. 

Table  30  presents  more  clearly  the  relation  between 
the  taxes  received  and  expenditures  as  finally  made. 
The  figures  are  based  on  results  found  in  previous  sec- 
tions of  the  report.  This  table  shows  the  source  of  each 
$1,000  in  taxes  by  type  of  impost  and  by  class  of  place 
responsible  for  its  payment.  Highway  expenditures 
are  further  shown  by  highway  system  and  source  of 


revenue.  It  should  not  be  inferred  from  this  table  that 
taxes  equal  expenditures  or  that  the  $1,000  unit  is 
identical;  the  figures  have  been  assembled  on  this  basis 
only  to  facilitate  comparisons  between  taxes  and 
expenditures. 

Table  29. — Percentage  distribution  of  population,  motor-vehicle 
ownership,  property  valuation,  taxes  paid,  and  expenditures 
made  in  the  several  classes  of  places  in  1932 


Class  of  place 


Townships 

Places  to  2,499 

Places  2,500  to  14,999. 
Places  15,000  to  74,999 
St.  Paul  and  Duluth. 
Minneapolis 

Total 


Popula- 

Motor- 
vehicle 

Taxable 

Total 
taxes 
paid 

tion 

owner- 
ship 

valuation 

Percent 

Percent 

Percent 

Percent 

37.7 

39.8 

42.9 

30.3 

13.2 

16.  1 

10.2 

12.8 

13.3 

11.8 

10.2 

13.8 

3.1 

2.8 

5.4 

5.3 

14.6 

12.1 

13.7 

16.2 

18.1 

17.4 

17.6 

21.6 

100.0 

100.0 

100.0 

100.0 

Total 
expendi- 
tures as 

made 


Percent 
39.4 
13.3 
13.6 
3.5 
12.7 
17.5 

100.0 


SUMMARY 

1.  There  were  no  expenditures  of  funds  from  general 
property  taxes  on  State  highways. 

2.  Rural  property  paid  no  tax  for  local  urban  streets 
and  urban  property  paid  no  tax  for  local  township 
roads. 

3.  Of  the  total  rural  property  taxes  expended  for 
highway  purposes — 

(a)  55.6  percent  was  expended  on  county  trunk 

highways ; 

(b)  44.4  percent  was  expended  on  local  township 

roads. 

4.  Of  the  total  property  tax  raised  from  urban  com- 
munities and  expended  for  street  and  highway  purposes — 

(a)  62.2  percent  was  expended  on  county  high- 

ways; 

(b)  37.8  percent  was  expended  on  urban  streets. 

5.  Since,  of  the  total  assessed  property  valuation  of 
$1 ,884,238,200,  42.9  percent  or  $808,798,600  was  in  rural 
areas,  and  57.1  percent,  or  $1,075,439,600  was  in  the 
urban  units — 

(a)  Expenditures  from  property  taxes  for  all 
highways  and  streets  were  at  the  following 
rates  per  $100  of  assessed  valuation: 

Rural — 107.3  cents. 

Urban — 66.7  cents. 


Table  30. — Comparison  of  taxation  and  expenditures  in  Minnesota  in  1932 


$1,000  in  taxes 


Residents  of  - 


Townships. 

Places  to  2,499 

Places  2,500  to  14,999... 
Places  15,000  to  74,999., 
St.  Paul  and  Duluth... 
Minneapolis 

Townships 

Places  to  2,499 

Places  2,500  to  14,999... 
Places  15,000  to  74,999 
St.  Paul  and  Duluth... 
Minneapolis 

Townships. 

Places  to  2,499.. 

SS  2,500  to  14,999 
Places  15,000  to  74,999 . . 
St.  Paul  and  Duluth. 
Minneapolis 


Paj 

$232.  Hi 

90. 

89 

101. 

40 

40 

56 

123. 

93 

162. 

24 

37. 

08 

18. 

72 

14. 

88 

3. 

96 

IS. 

48 

26. 

87 

33 

90 

18 

82 

o<> 

01 

8 

25 

19 

46 

26 

42 

In- 


General  property  taxes,  $751 .  12. 


Motor-vehicle  taxes,  $119.99. 


Miscellaneous  taxes,  $128.89. 


$1,000  in  expenditures 


Division  by  purpose 


Education,  $332.08. 


Highways,  $317.59. 


Public  benefit,  $283.51. 


Government,  $66.82. 


Subdivision  by  highway 
system 


State  trunk  highways,  $183.25 


County    trunk    highways, 
$72.41. 


Township  roads,  $22.23... 


Urbau  streets,  $39.70. 


Source  of  expenditures 


Taxes  paid  in— 

Townships. 

Incorporated  places . 

Federal  aid 

Loans  and  reserves 


'Taxes  paid  in— 

Townships 

Incorporated  places. 
Loans  and  reserves 


Taxes  paid  in— 

Townships 

Incorporated  places. 

Loans  and  reserves 


Taxes  paid  in— 

Townships 

Incorporated  places. 
Loans  and  reserves 


Amount 


$24.  29 
54.51 
25.  47 
78.98 


32.  73 

39.  17 

.51 


.24 


39.70 


Per- 
cent 


13.9 
43.1 


45.2 

54.1 
.7 


1.1 


100.0 
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(6)  Expenditures  from  property  taxes  for  county 
highways  were  at  the  following  rates  per 
$100  valuation: 

Rural — 59.7  cents. 
Urban — 41.5  cents. 

(c)  Expenditures  from  property  taxes  for  local 

township  roads  were  at  the  following  rates 
per  $100  valuation: 

Rural — 47.6  cents. 

Urban — No  tax. 

(d)  Expenditures  from  property  taxes  for  local 

urban  streets  were  at  the  following  rates 
per  $100  valuation: 

Rural— No  tax. 

Urban — 25.2  cents. 
0.  Of  the  total  property  taxes  expended  on  all  roads— 

(a)  58.6  percent  was  expended  on  county  high- 

ways; 

(b)  24.3  percent  was  expended  on  local  township 

roads; 

(c)  17.1  percent  was  expended  on  urban  streets. 
7.  Of  the  total  motor-vehicle  imposts  expended  on  all 

classes  of  roads  and  streets — 

(a)  Rural  mo  tor- vehicle  owners  paid  30.2  per 
cent  and  contributed  29.4  percent  of  the 
total  travel  on  all  roads  and  streets; 


(6)  Urban  motor-vehicle  owners  paid  69.8  per- 
cent and  contributed  70.6  percent  of  the 
total  travel. 

8.  Of  the  total  motor-vehicle  imposts  expended  on  all 
classes  of  roads  and  streets — 

(a)  80.6  percent  was  expended  on  the  State  trunk 

highways ; 
(6)   19.4  percent  was  expended  on  the  county 

highways. 

9.  Of  all  taxes  and  imposts  expended  on  all  roads  and 
streets — 

(a)  37.1  percent  was  expended  on  State  trunk 
highways ; 

(6)  33.9  percent  was  expended  on  county  high- 
ways; 

(c)  10.3  percent  was  expended  on  local  township 

roads; 

(d)  18.7  percent  was  expended  on  urban  streets. 

10.  Of  all  taxes  and  imposts  expended  on  all  roads  and 
streets — 

(a)  Rural   property   and   motor-vehicle   owners 

paid  36.8  percent  and  contributed  29.4 
percent  of  the  total  travel  on  all  roads  and 
streets ; 

(b)  City  and  village  property  and  motor-vehicle 

owners  paid  63.2  percent  and  contributed 
70.6  percent  of  the  travel. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 


ANNUAL  REPORTS 

Report  of  the  Chief  of  the  Bureau  of  Publ 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Publ 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Publ 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Publ 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Publ 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Publ 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Publ 

Report  of  the  Chief  of  the  Bureau  of  Publ 

Report  of  the  Chief  of  the  Bureau  of   Publ 

DEPARTMENT  BULLETINS 


c  Roads,  1924. 

c  Roads,  1927. 

c  Roads,  1928. 

c  Roads,  1929. 

c  Roads,  1931. 

c   Roads,  1932. 

c   Roads,  1933. 

c   Roads,  1934. 

c  Roads,  1935. 


No.  347D 
No.  583D 
No.  1279D 


Methods  for  the  Determination  of  the  Physical 
Properties  of  Road-Building  Rock.     10  cents. 

Reports  on  Experimental  Convict  Road  Camp. 
Fulton  County,  Ga.     25  cents. 

Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922. 


TECHNICAL  BULLETINS 

55T  .  .  Highway  Bridge  Surveys.     20  cents. 


N, 


^o.    265T  .  .  Electrical    Equipment    on    Movable    Bridges. 
35  cents. 

Miscellaneous  publications 

io.  76MP  .  .  The  Results  of  Physical  Tests  of  Road-Build- 
ing Rock.     25  cents. 

ederal    Legislation   and   Regulations    Relating    to    Highway 
Construction.      10  cents. 


MISCELLANEOUS  PUBLICATIONS.— Cont. 

Supplement   No.   1    to   Federal   Legislation   and    Regulations 
Relating  to  Highway  Construction. 

No.  191    ....  Roadside  Improvement.      10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.      15  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  CIRCULARS 

No.  62MC  .  .  Standards  Governing  Plans,  Specifications, 
Contract  Forms,  and  Estimates  for  Federal- 
Aid  Highway  Projects. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .  .  Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 
System  of  Ohio  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Vermont  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  New  Hampshire  (1927). 

Report  of  a  Plan  of  Highway  Improvement  in  the  Regional 
Area  of  Cleveland,  Ohio  (1928). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Pennsylvania  (1928). 

Report  of  a  Survey  of  Traffic  on   the  Federal-Aid  Highway 
Systems  of  Eleven  Western  States  (1930). 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  PUBLIC  ROADS,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 
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THE  NEW  HAMPSHIRE  FINANCIAL  SURVEY 


DIGEST  OF  A  SURVEY  OF  THE  FINANCES  OF  NEW  HAMPSHIRE  IN  1932,  WITH  SPECIAL  REFERENCE  TO 
HIGHWAYS,  CONDUCTED  BY  THE  BUREAU  OF  PUBLIC  ROADS  AND  THE  UNIVERSITY  OF  WISCONSIN 

Reported  by  ELIZABETH  CHURCH,  Assistant  Research  Analyst,  Division  of  Highway  Transport,  Bureau  of  Public  Roads 


THE  NEW  HAMPSHIRE  financial  survey  is  one 
of  a  series  of  studies  in  highway  finance  sponsored 
by  the  United  States  Bureau  of  Public  Roads  in 
cooperation  with  the  University  of  Wisconsin  and  the 
highway  department  in  each  of  the  States  studied.1 

The  survey  covers  for  the  year  1932  the  financial 
transactions  of  the  State  of  New  Hampshire  and  its 
political  subdivisions,  with  special  emphasis  upon  high- 
ways. Space  does  not  permit  giving  much  explanatory 
data  and  descriptions,  so  where  factual  material  in 
tables  can  be  readily  understood  without  additional 
interpretation,  comments  have  been  omitted.  An 
effort  has  been  made  to  include  all  of  the  salient  mate- 
rial and  to  discuss  adequately  the  important  problems 
and  conditions  pertaining  to  New  Hampshire  highways. 
For  greater  ease  of  comparison  the  arrangement  of 
material  follows  that  of  previous  summaries.2 

The  two  primary  objectives  of  the  survey  were:  (1) 
To  ascertain  the  fiscal  relation  of  highways  to  all  other 
fiscal  affairs  of  the  community;  and  (2)  to  show  facts 
pertaining  particularly  to  highways,  such  as  highway 
classifications,  mileage  and  surfacing,  expenditures  for 
maintenance,  construction,  and  overhead,  and  the 
sources  of  funds  necessary  to  defray  the  costs,  both  by 
types  of  imposts  and  by  the  locality  providing  them. 

CLASSIFICATION   OF  PRIMARY   ROUTES 

Probably  the  most  important  facts  concerning  New 
Hampshire  highways  are  those  pertaining  to  the 
administration  of  the  primary  roads  and  the  results 
obtained  under  the  State-aid  plan.  In  addition, 
attention  is  called  to  the  increase  in  efficiency  and 
economy  that  might  result  through  consolidation  of 
local  road  operations,  the  advantages  accruing  through 
a  closer  connection  between  the  State  highway  depart- 
ment and  localities,  both  in  the  furnishing  of  engineer- 
ing services  and  the  approval  of  certain  construction 
projects,  and  the  need  for  the  codification  of  the  high- 
way statutes. 

The  present  system  of  administering  the  primary 
highway  system  is  confusing.  The  legally  designated 
trunk  lines  comprise  a  major  part  of  the  primary 
system,  but  they  do  not  include  all  of  the  numbered 
routes.  The  primary  system,  therefore,  is  administered 
under  several  different  statutory  provisions. 

The  traveled  primary  system  of  New  Hampshire  at  the 
present  time  comprises  some  1,809  miles  of  numbered 
through  routes.  Of  this  total,  1,517  miles  are  trunk- 
line  mileage  as  officially  designated  by  the  legislature, 
90  miles  are  State  roads  on  the  numbered  system,  and 
the  remaining  202  miles  are  State-aid  highways.  This 
difference  is  one  of  technical  terminology  only,  however. 

Of  the  1,517  miles  of  official  trunk-line  highways, 
1,456  miles  comprise  the  official  trunk-line  system 
financed  by  the  State  and  administered  by  the  State 

1  The  investigation  was  made  in  1934  under  the  immediate  direction  of  Dr.  Henry 
R.  Trumbower,  professor  of  economics  at  the  University  of  Wisconsin  and  economist 
for  the  Bureau  of  Public  Roads,  and  H.  R.  Briggs,  field  investigator  and  statistician. 

*  For  results  of  the  Wisconsin,  Michigan,  Blinols,  and  Minnesota  surveys,  see  the 
April  1933,  June  1933,  May  1933,  and  March  1938  issues  of  Public  Roads. 
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highway  department  under  special  laws  applying  only 
to  the  trunk  lines.  The  remaining  61  miles  are  within 
city  limits,  are  under  municipal  control,  and  are 
financed  by  the  municipality  through  which  they  pass. 
The  90  miles  of  State  roads  upon  the  numbered  sys- 
tem are  also  financed  by  the  State  and  administered 
by  the  highway  department,  but  under  statutory  pro- 
visions other  than  those  covering  the  officially  desig- 
nated trunk  lines.  The  State,  therefore,  has  complete 
jurisdiction  over  only  1,546  miles  of  the  numbered 
highway  routes. 

The  variety  of  classifications  on  the  numbered  pri- 
mary routes  resulted  from  the  piecemeal  enactment  of 
trunk-line  highway  legislation  only  as  necessity  de- 
manded. The  State-aid  plan  was  designed  to  create 
through  routes  but  failed  to  accomplish  this  purpose. 
Certain  towns  failed  or  refused  to  cooperate,  leaving 
gaps  in  the  planned  through  system  and  thus  defeating 
the  intent  of  the  plan.  As  a  remedy,  special  laws  were 
then  passed  designating  specific  roads  as  trunk-line 
routes  and  prescribing  special  methods  for  financing 
and  administration,  still  based  to  some  extent,  how- 
ever, upon  the  standard  State-aid  plan.  Bit  by  bit 
additional  mileages  were  added  and  new  laws  enacted 
until  the  present  status  was  evolved. 

The  primary  system,  therefore,  is  administered  under 
several  different  statutory  provisions.  If  the  legally 
designated  trunk-line  system  and  the  numbered  system 
of  through  routes  were  made  coextensive  and  placed 
completely  under  State  control,  financial  responsioility 
would  be  centralized,  administration  simplified,  and 
confusion  eliminated. 

Although  the  established j  practice  of  designating 
highways  by  a  number  andf  keying  the  number  to  a 
map  is  used  in  New  Hampshire,  it  has  no  legislative 
sanction.  Each  of  the  trunk  routes  is  described  in  the 
laws  by  a  name,  such  as  the  "Daniel  Webster  High- 
way." Some  qualified  body  could  be  authorized  to 
designate  officially  the  principal  routes  by  numbers. 
If  a  secondary  system  were  established,  symbols  could 
be  used  to  distinguish  the  systems. 

At  present  State  laws  do  not  permit  the  expenditure 
of  State  funds  for  highways  in  compact  areas  of  2,500 
persons  or  over,  yet  the  urban  portions  of  the  trunk 
highways  must  be  adequate  to  serve  the  through  traffic 
upon  them. 

The  State-aid  roads  are  primarily  local  rural  roads 
which  the  State  helps  support  through  the  allocation  to 
local  communities  of  part  of  the  State  motor-vehicle 
revenues.  The  funds  are  allocated  in  proportion  to 
local  taxation.  Organized  planning  is  extremely  diffi- 
cult because  of  the  large  number  of  local  governmental 
units.  Although  the  revenues  for  the  State's  partici- 
pation are  derived  from  highway  users,  no  system  of 
roads  serving  State-wide  traffic  and  coordinated  with  the 
primary  routes  has  been  developed.  A  secondary 
highway  system  could  readily  be  developed,  however, 
using  a  considerable  mileage  of  the  present  State-aid 
roads  as  a  basis. 
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The  present  system  of  having  the  local  town  road 
maintenance  under  the  supervision  of  over  500  differ- 
ent road  agencies  is  expensive  and  relatively  inefficient. 
There  is  extreme  variation  between  towns  in  the  average 
maintenance  costs  per  mile  on  the  local  rural  roads. 
This  is  due,  among  other  causes,  to  low  standards  of 
maintenance,  lack  of  funds  and  equipment,  and  lack  of 
supervision  and  efficient  advisory  services. 

The  creation  of  a  permanent  patrol  system  with  full- 
time  road  workers  and  a  system  of  road  districts  would 
promote  efficiency  and  economy.  The  creation  of 
road  districts  comprising  territorial  areas  larger  than 
individual  towns  or  having  the  work  done  by  the  divi- 
sions of  the  State  highway  department  under  con- 
tractual arrangements  would  accomplish  these  ends. 

Expensive  reconstruction  costs  could  be  avoided  if 
it  were  required  that  construction  projects  upon  local 
roads  involving  an  expenditure  of  $2,000  or  more  and 
every  bridge  constructed  be  approved  by  the  State 
highway  department  before  work  is  undertaken. 

For  the  making  of  plans  and  all  other  services  con- 
nected with  the  development  of  local  roads,  the  staff 
of  the  highway  department  could  continue  to  be 
available  to  give  such  assistance  as  might  be  required. 
Whether  or  not  the  highway  department  shoidd  be 
compensated  for  services  other  than  those  of  a  purely 
advisory  nature  is  a  matter  of  State  policy.  Probably 
the  present  system  of  charging  a  moderate  fee  for  the 
work  done  is  the  most  equitable  plan. 

In  the  existing  statutes  there  are  duplications,  con- 
flicts, and  apparently  obsolete  or  unenforced  provisions. 
These  conditions  could  be  corrected  by  a  codification 
of  the  highway  laws  and  the  repeal  of  undesired  and 
unenforced  statutes.  Additional  legislation  is  needed 
to  revise  and  simplify  the  highway  classifications. 

GENERAL  CHARACTERISTICS  OF  STATE 

Many  local  factors  have  influenced  the  development 
of  the  highway  system  in  New  Hampshire.  Large 
areas  of  the  State  are  of  little  economic  value;  con- 
sequently, the  revenues  of  the  State  and,  therefore,  the 
amounts  available  for  highways  are  limited.  The 
,  mountains  affect  highway  locations  and  costs.  The 
industrial  centers  that  have  grown  up  around  water- 
power  development  projects  have  further  influenced 
the  highway  routing.  Since  there  is  heavy  tourist 
traffic  in  the  State,  the  providing  of  adequate  highway 
facilities  for  this  travel  has  been  important. 

Because  at  present  all  parts  of  the  State  are  within  a 
reasonable  distance  of  some  suitable  road-building 
material,  local  costs  are  quite  comparable.  In  some 
localities,  however,  these  deposits  of  materials  will  soon 
be  exhausted.  In  such  places  the  additional  cost  of 
transporting  materials  longer  distances  will  then  have 
to  be  met. 

There  are  10  counties  in  NewiHampshire,  subdivided 
into  224  organized  towns  and  11  incorporated  cities. 
The  towns  are  similar  in  size  and  political  organization 
to  the  townships  in  the  States  outside  of  New  England. 
The  towns  are  further  subdivided  into  precincts  and 
school  districts,  not  necessarily  coextensive.  Man- 
chester, with  a  population  of  76,834,  is  the  largest  city. 
The  total  population  of  the  State  in  1930  was  465,293, 
of  which  345,034  were  in  urban  communities  and 
120,259,  or  almost  26  percent,  in  rural  areas — the  non- 
compact  areas  of  towns  or  cities. 

The  assessed  valuation  of  all  taxable  property  in  New 
Hampshire  in   1932  was  $623,381,900.     Twenty-nine 


percent  of  this  total,  or  $183,277,600,  was  in  rural  areas. 
In  Manchester  alone  there  was  $106,151,900  worth  of 
taxable  property,  or  17  percent  of  the  total  property 
valuation  in  the  State.  Almost  56  percent  of  the  total 
valuation  was  concentrated  in  the  southeastern  part  of 
the  State.  This  portion  of  New  Hampshire  is  its 
largest  manufacturing  area  and  contains  9  of  the 
State's  11  incorporated  cities.  The  entire  northern 
half  of  the  State  had  but  one-fourth  of  the  total 
assessed  valuation  of  the  State. 


PLAN  OF  STUDY  OUTLINED 


For  purposes  of  analysis  and  presentation,  financial 
data  must  be  setf  up  on  comparable  bases.  It  is 
necessary  to  show  the  proper  division  of  the  financial 
data  for  the  various  civil  subdivisions,  to  give  the  proper 
analysis  of  data  relative  to  incorporated  cities,  and  to 
present  all  the  data  for  all  subdivisions  of  the  State  by 
some  convenient  division. 

Since  the  10  counties  of  the  State]  are  ^unimportant 
as  governmental  agencies,  county  units  were  disregarded 
except  insofar  as  financial  statistics  were  properly 
allocated  between  the  governmental  units  comprising 
each. 

In  the  financial  surveys  conducted  by  the^Bureau  the 
statutory  designations  of  governmental  units  smaller 
than  the  counties  have  been  ignored  because  of  the  vary- 
ing concepts  applying  to  the  same  term.  Data  are  shown 
instead  for  rural  areas  and  urban  communities,  the  latter 
according  to  population.  In  New  Hampshire  grouped 
the  statutory  classification  of  an  area  as  a  town  or  a  city 
does  not  signify  that  the  area  is  rural  or  urban  in  its 
characteristics.  The  statutory  town  in  New  Hamp- 
shire may  include  urban  communities,  while  the  statu- 
tory city  may  have  extensive  rural  areas  within  its 
limits.  Since  a  classification  was  essential  for  this 
survey,  it  was  necessary  to  determine  by  field  investiga- 
tion the  urban  and  rural  populations  of  the  various 
towns  in  the  State  and  the  size  of  those  communities. 
In  all  the  towns  a  subdivision  was  made  between  the 
compact  areas  definitely  urban  in  character  and  the 
rural  sections.  The  division  into  classes  of  residence 
is  as  follows: 

1.  Rural  areas  outside  of  any  settlements  or  commu- 
nities. 

2.  Urban  places  having  a  population  to  2,499. 

3.  Urban  places  having  a  population  of  2,500  to 
14,999. 

4.  Urban  places  having  a  population  of  15,000  to 
74,999. 

5.  Urban  places  having  a  population  of  75,000  to 
399,999. 

Manchester  is  the  only  place  in  New  Hampshire 
having  a  population  over  75,000. 

Since  all  taxes  are  levied  by  the  public  actsol 
governmental  agencies,  it  is  necessary  to  know  which 
agency  initiates  the  tax.  The  first  classification  oi 
imposts  is  by  type  of  revenue,  fisted  by  the  public 
agency  responsible  for  its  imposition.  Such  a  tabula- 
tion shows  the  total  public  imposts  levied  by  each 
governmental  unit  according  to  type  of  impost.  The 
second  classification  is  by  incidence  of  impost  and  shows 
the  communities  responsible  for  paying  the  tax.  The 
local  communities  carry  on  their  own  government, 
raise  their  own  revenues,  and  make  their  own  disburse- 
ments. In  addition,  however,  the  counties  and  State 
perform  functions  for  the  benefit  of  these  local  areas. 
For  these  activities  the  State  and  counties  levy  imposts 
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Highways  in  New  Hampshire. 


ngainst  the  property  and  inhabitants  of  local  areas. 
Thus,  communities  have  their  own  local  taxes  and  also 
imposts  that  they  must  pay  to  larger  governmental 
units.  Therefore,  to  classify  taxes  according  to  inci- 
dence, both  local  and  other  charges  must  be  allocated 
and  the  total  for  which  each  community  is  responsible 
must  be  shown.  So  far  as  possible,  all  imposts  are 
further  subdivided  as  to  the  purpose  for  which  they 
are  levied.  They  are  divided  into  levies  for  four 
purposes — highways  and  streets,  education,  public 
benefit,  and  government. 

The  main  considerations  in  classifying  expenditures 
are  the  units  of  government  originally  making  them  and 
the  determination  of  the  place  where  they  are  finally 
made.  Besides  the  local  expenditures,  it  is  necessary 
to  take  into  consideration  the  expenditures  made  by 
the  larger  units  of  government  in  the  various  minor 
governmental  units  for  the  benefit  of  the  persons  and 
property  in  those  local  communities.  The  final  com- 
parison, then,  is  based  on  the  local  expenditures  plus 
the  expenditures  made  by  the  State  and  the  county  in 
or  for  each  community. 


The  outstanding  indebtedness  is  first  classified  by  the 
unit  of  government  incurring  it.  The  debts  are  also 
subdivided  by  the  purposes  for  which  they  were  in- 
curred. Debt  service  is  classified  by  purpose  only. 
Partial  allocation  of  the  debt  service  by  units  of 
government  and  by  rural  or  urban  areas  is  made  in  the 
expenditure  classification  where  interest  payments  are 
included. 

SOURCES  OF  MATERIAL 

For  proper  interpretation  of  the  data  obtained  in 
this  survey,  a  brief  description  of  the  methods  em- 
ployed is  necessary.  Analogous  procedures  were 
followed  in  the  financial  surveys  made  by  the  Bureau 
in  other  States. 

Because  governmental  financial  records  are  kept  from 
the  accounting  standpoint  to  reflect  financial  transac- 
tions with  specific  funds  they  are  not  readily  adaptable 
to  statistical  purposes.  The  numerous  transfers,  dif- 
ferent concepts  of  public  functions,  and  different  meth- 
ods of  handling  funds  in  various  communities  almost 
always  require  a  careful  analysis  and  reassembly  of  all 
public  financial  data  if  factual  results  are  to  be  obtained. 
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In  no  case  were  totals  for  tax  levies,  expenditures, 
debts,  road  mileages,  or  any  other  facts,  taken  from 
previous  compilations  or  reports.  The  original  data 
were  collected  and  analyzed,  and  from  them  the  needed 
facts  were  extracted  without  omission  or  duplication. 
A  complete  financial  analysis  involves  finding  the  data 
for  public  utilities,  special  assessment  districts,  special 
districts,  and  municipalities,  and  combining  these  to 
obtain  the  total  of  all  local  receipts,  debts,  and  expend- 
itures. To  these  are  added  the  proper  allocation  of 
similar  data  for  the  State  and  counties,  thus  obtaining  a 
complete  analysis  of  the  receipts,  expenditures,  and 
debts  of  the  rural  and  urban  areas  of  the  State. 

Two  special  problems  were  encountered  in  the  tax 
analysis.  The  first  of  these  was  due  to  the  fact  that 
while  each  agency  has  its  own  specific  taxes,  there  are 
a  number  of  taxes  that  are  levied  or  collected  jointly. 
These  have  been  treated  as  joint  State  and  local 
imposts. 

The  second  problem  is  more  important.  In  New 
Hampshire,  a  tax  levy  is  different  from  the  tax  actually 
imposed.  This  is  true  because  of  the  method  of  using 
the  property  tax  as  a  balancing  item  to  provide  needed 
funds.  The  total  of  all  public  receipts  other  than 
property  taxes  are  subtracted  from  the  total  budgetary 
requirements.  The  additional  sum  required  is  sub- 
mitted to  the  collector  to  be  extended  against  the  prop- 
erty in  the  community.  For  example,  the  State  prop- 
erty tax  was  $1,400,000  and  each  town  and  city  was 
charged  with  its  portion  of  this  tax  based  upon  its 
valuation  as  fixed  by  the  tax  commission.  However, 
the  State  as  agent  collects  certain  taxes  for  all  the 
towns.  Instead  of  remitting  these  receipts,  the  State 
offsets  the  amounts  received  for  each  town  against  the 
property  tax  for  the  town  and  only  the  difference  is 
charged  to  the  town  for  collection.  Hence  the  property 
tax  levied  against  a  town  is  no  measure  of  the  impost  of 
that  nature  that  it  will  actually  pay. 

The  same  procedure  is  followed  in  the  towns.  The 
town  levies  the  State  property  tax  eventually  charged 
against  it,  the  county  property  tax,  and  other  property 
taxes  at  specified  rates  for  roads,  schools,  and  other 
purposes.  These  are  totaled  and  constitute  the 
theoretical  property  tax  levy.  From  this  total  all  the 
other  town  receipts  are  subtracted  and  the  remainder 
is  spread  against  the  taxable  property  as  the  actual 
property  tax. 

In  New  Hampshire  there  are  three  major  imposts  on 
all  motor  vehicles:  The  State  registration  fee,  the  gaso- 
line tax,  and  the  local  permit  fee  charged  in  lieu  of  local 
personal  property  taxes.  The  problem  presented  itself 
of  subdividing  the  data  pertaining  to  each  of  these  motor- 
vehicle  imposts  between  the  rural  areas  and  the  four 
classes  of  urban  communities.  No  data  were  available 
for  making  such  divisions  for  any  of  these  three  imposts. 
Tho  same  procedure,  therefore,  was  followed  that  has 
been  used  successfully  in  other  States  for  makina;  such 
allocations.  On  the  basis  of  the  tabulation  and  analysis 
of  a  large  representative  sample  of  license  fees  paid,  the 
allocation  of  the  total  amount  received  from  registra- 
tion fees  was  made.  Questionnaires  were  sent  to  motor- 
vehicle  owners  to  ascertain  the  gasoline  tax  paid  by 
the  residents  in  the  several  classes  of  places.  In  all 
studies  it  has  been  possible  to  determine  the  accuracy 
of  the  sample  by  several  statistical  checks.  The  infor- 
mation pertaining  to  highway  classifications,  mileages, 
and  surfaces  was  obtained  from  the  State  highway 
department. 


The  material  presented  in  this  and  previous  Bureau 
studies  of  New  Hampshire  was  obtained  from  the  same 
sources.  However,  this  study  was  conducted  on  an  en- 
tirely different  basis  from  any  previous  Bureau  survey 
of  the  State,  so  differences  in  final  results  were  antici- 
pated. It  has  been  possible  to  make  reconciliations  tc 
these  other  reports. 

DEFINITION  OFTERMS 

For  uniformity  the  following  definitions  are  basic  in 
all  the  surveys: 

Highway  includes  all  items  having  to  do  with  the  con- 
struction, maintenance,  marking,  erection  of  signs, 
and  administration  of  all  highways,  streets,  and  alleys. 
Street  cleaning  and  street  lighting  are  not  included. 

Education  consists  of  all  items  having  to  do  with  the 
construction,  maintenance,  teaching*  and  administra- 
tion of  all  public  schools  and  libraries. 

Public  benefit  consists  of  all  items  having  to  do  with 
the  protection  of  lives  and  property,  and  the  pleasure 
or  well-being  of  the  people,  including  police  and  fire 
protection,  courts,  sanitation,  parks  and  playgrounds, 
and  charitable  and  penal  institutions. 

Government  consists  of  all  items  having  to  do  with  the 
general  administration  of  public  affairs  not  allocable 
to  one  of  the  three  preceding  public  purposes.  These 
are  primarily  the  executive  and  administrative  func- 
tions of  government. 

Expenditure  means  public  costs  defrayed  out  of  pub- 
lic revenues.  The  net  cost  is  shown,  not  the  gross 
amount.  The  net  expenditure  is  the  total  expenditure 
less  the  earnings  made  by  the  public  service  charged 
with  the  costs.  For  example,  the  cost  of  prisons 
is  the  total  expenditure  less  the  earnings  from  prison 
industries. 

Imposts  include  every  payment  of  any  nature  made 
to  a  public  body  occurring  because  of  or  in  connection 
with  the  authority  vested  within  it.  Thus,  all  licenses, 
fees,  permits,  special  assessments,  and  taxes  proper  are 
shown  as  imposts. 

User  revenues  are  imposts  in  the  form  of  vehicle 
licenses,  gasoline  taxes,  and  allied  charges  paid  by  the 
operators  of  motor  vehicles. 

There  is  great  variety  in  the  dates  of  the  fiscal  years 
used  by  governmental  agencies  in'  New  Hampshire. 
The  State  government  and  school  districts  have  their 
fiscal  years  ending  June  30 ;  the  counties  use  December 
31;  towns  and  villages  use  January  31;  and  cities  use 
various  dates  from  November  30  to  February  28. 
Data  are  shown  in  this  report  for  the  calendar  year 
1932.  In  cases  where  the  calendar  and  fiscal  years  did 
not  coincide,  slight  adjustments  were  made  to  obtain 
comparable  statistics. 

NEW  HAMPSHIRE  HIGHWAY  SYSTEM 

New  Hampshire  laws  and  reports  show  six  statutory 
classifications  of  highways  as  follows: 

Class  1  roads  include  the  officially  designated  State 
trunk-line  highways  and  other  State  roads,  all  com- 
pletely under  State  control.  These  roads  include 
1,456  miles  of  designated  State  trunk-line  highways, 
90  miles  of  State  numbered  routes  not  on  the  trunk- 
line  system,  and  50  miles  of  other  State  highways  in 
mountainous  and  thinly  settled  areas,  making  a  total  of 
1,596  miles  of  class  1  roads. 

Class  2  roads  include  the  State-aid  roads,  that  are 
roads  under  joint  State  and  local  jurisdiction.     This 
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class  comprises  1,235  miles  of  local  roads  and  202  miles 
of  roads  on  the  State  numbered  highway  system, 
making  a  total  of  1,437  miles. 

Class  3  roads  are  the  uncompleted  sections  of  the 
State  trunk-line  highway  system.  As  the  trunk-line 
highway  system  has  been  completed,  there  are  no  roads 
of  this  statutory  classification. 

Class  4  roads  are  streets  in  compact  areas,  and  are 
under  local  control.  There  are  61  miles  of  urban 
streets  forming  a  part  of  the  designated  trunk-line 
highway  system,  and  500  miles  of  other  urban  streets, 
making  a  total  of  561  miles  of  class  4  roads. 

Class  5  roads  are  the 
local  town  roads  under 
local  control.  There  are 
8,717  miles  of  these  local 
town  roads. 

Class  6  roads  are  aban- 
doned roads.  For  the  pur- 
poses of  this  report  this 
class  of  roads  has  no  signif- 
icance. 

The  State  numbered  pri- 
mary highway  system  of 
1,809  miles  consists  of: 
Designated  State  trunk 
roads  completely  under 
State  control,  1,456  miles; 
roads  completely  under 
State  control  but  not  on 
the  trunk-line  highway 
system,  90  miles;  streets 
that  are  in  compact  areas 
and  completely  under  local 
control, 61  miles;  and  State- 
aid  roads  that  are  under 
joint  State  and  local  con- 
trol, 202  miles. 

Thus  there  is  an  over- 
lapping of  the  roads  as 
grouped  by  statutory  des- 
ignation and  by  adminis- 
trative control. 

In  1932  there  were  12,- 
311  miles  of  roads  and 
streets  in  New  Hampshire. 
Of  this  total  11,750  miles, 
or  95.4  percent,  were  high- 
ways outside  of  compact 


NEW  HAMPSHIRE  TAXES  IN  1932 

Total  taxes  and  imposts  levied  for  all 
purposes  in  New  Hampshire  in  1932  were 
$27,089,600.  Taxation  of  general  property  to- 
taled $16,342,900,  or  60.3  percent;  imposts 
paid  by  motor-vehicle  owners,  $5,270,000,  or 
19.5  percent;  other  revenues,  consisting  of  in- 
surance, inheritance,  utility  and  savings-bank 
taxes,  and  miscellaneous  State  and  local  im- 
posts, $5,476,700,  or  20.2  percent. 

Of  the  total  taxes  and  imposts  levied,  rural 
taxpayers  paid  $6,769,900,  or  25  percent;  those 
in  incorporated  places  having  a  population  to 
2,499,  $4,559,400,  or  16.8  percent;  in  places 
of  2,500  to  14,999  population,  $6,459,400,  or 
23.8  percent;  in  places  of  15,000  to  74,999 
population,  $4,509,400,  or  16.7  percent;  in 
Manchester,  $4,301,100,  or  15.9  percent;  and 
nonresidents  paid  $490,400,  or  1.8  percent. 

The  average  actual  tax  rates  on  general  prop- 
erty, per  $100  valuation,  were  as  follows: 
Rural    areas,    $2.34;    incorporated    places    to 

2.499  population,  $2.76;  places  2,500  to  14,999 
population,  $2.75;  places  15,000  to  74,999 
population,  $2.92;  and  Manchester,  $2.54. 

Rural  motor-vehicle  owners  paid  in  license 
fees,  gasoline  taxes,  and  miscellaneous  motor- 
vehicle  imposts  an  average  of  $42.04;  residents 
in  places  to  2,499  population,  $44.34;  in  places 

2.500  to  14,999  population,  $44.98;  in  places 
15,000  to  74,999  population,  $49.81;  and  in 
Manchester,  $53.38. 


Table  1  and  figure 


1  show  that  over  70  percent  of  the  rural  roads  of  the 
State  in  1932  were  unsurfaced.  Over  8,200  miles,  or 
94  percent,  of  the  local  town  roads  were  earth.  All  of 
the  State  and  State-aid  roads  were  surfaced.  The 
State  and  State-aid  roads  were  mainly  of  a  low-type 

Table  1. — Classification  of  rural  highways  in  1932  by  official 
designation  and  by  type  of  surfacing 


Official  designation 


Class  1  roads  (State 
highways) 

Class  2  roads  (State- 
aid  roads) 

Class  5  roads  (local 
town  roads) 

Total 


Concrete 


Miles 

222 

4 

1 


227 


Pet. 

13.9 
.3 


l.d 


Bitumi- 
nous mac- 
adam 


Miles 
188 
M 
24 


226 


Pet. 

11.8 

1.0 

.3 


1.9 


Stone, 

gravel, 

etc. 


Miles 

1,186 

1,419 

448 


3,053 


Pet. 

74.3 

98.7 

5.1 


26.0 


Earth 


Miles 


8,244 


8,244 


Pel. 


94.6 


70.2 


Total 


Miles 
1,596 
1,437 
8,717 


11,750 


Pet. 
13.6 
12.2 

74.2 


100.0 


surfacing,  however,  and  less  than  4  percent  of  the  rural 
highways  of  the  State  had  a  concrete  or  other  high- 
type  surfacing.  No  data  were  collected  as  to  the  types 
of  surfacing  on  the  streets  in  compact  areas  (class  4 
roads). 

Almost  three-fourths  of  the  rural  highways  in  New 
Hampshire  are  local  town  roads.  The  State  highway 
department  has  control  over  the  administration  and 
financing  of  25.8  percent  of  the  rural  highways.  There 
are  no  county  roads,  nor  does  the  county  spend  anything 
for  highways. 

TAXES    LEVIED  AND  INCIDENCE 
OF  TAXATION 

Table  2  gives  the  total 
taxes  levied  for  all  pur- 
poses in  New  Hampshire 
in  1932  by  the  several 
classes  of  governmental 
units.  The  relative  un- 
importance of  the  func- 
tions of  the  county  in  New 
Hampshire  is  apparent. 
It  is  evident  that  the  bulk 
of  the  taxes  were  levied  by 
the  local  communities  for 
their  own  use. 

All  State  and  county 
imposts  are  ultimately 
paid  by  the  taxpayers  in 
rural  and  urban  areas.  In 
table  3  the  State  and 
county  levies  have  been 
distributed  and  the 
amounts  added  to  the  local 
charges  to  obtain  the  total 
amounts  payable  by  the 
residents  in  the  various 
classes  of  rural  and  urban 
communities. 

The  revenues  for  all  pur- 
poses were  obtained  from 
the  various  sources  shown 
in  table  4. 

All  imposts  have  been 
subdivided  by  govern- 
mental unit  levying  them, 
by  residence  of  taxpayers 
paying  them,  and  by  type 
of  impost.  The  general 
property  tax  accounted  for  over  60  percent  of  the  total 
revenue.  The  motor-vehicle  imposts  were  of  next  im- 
portance, $5,270,000  being  obtained  from  these  taxes. 
Over  $490,400  of  the  motor-vehicle  imposts  was  col- 
lected from  nonresidents. 

Table  2.— Distribution  of  all  taxes  levied  for  all  purposes  by  the 
State  and  its  subdivisions  for  collection  in  1932 


Imposed  by- 


State 

Counties 

Rural  areas 

Places  to  2,499 

Places  2,500  to  14,999.. 
Places  15,000  to  74,999. 
Manchester 


Total '27,089,600       100.0 


Amount 


i  $8, 425, 900 
1, 406, 300 
4, 325, 200 
2, 795, 000 
4, 148, 200 
3, 094, 900 
2. 894, 100 


Per- 
cent 


31.1 
5.2 
16.0 
10.3 
15.3 
11.4 
10.7 


Amount 
per  capita 


$18. 1 1 
3.02 
35.97 
34.75 
37.35 
40.  35 
37.67 


58.22 


« Includes  $490,400  of  motor-vehicle  charges  imposed  on  nonresidents. 
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Figure  1. 


-Mileage  of  New  Hampshire  Rural  Highways 
in  1932,  by  Types. 


Table  3. — Incidence  of  all  Slate  and  local  charges  imposed  in  1932 


Payable  by  taxpayers  in— 


Rural  areas 

Places  to  2,499 

Places  2,500  to  14,999.. 
Places  15,000  to  74,999 
Manchester 

Total 

Nonresidents 

Grand  total 


Amount 


$6, 769, 900 
4,559,400 
6,459,400 
4,509,400 
4, 301, 100 


26, 599, 200 
490, 400 


27, 089,  600 


Percent 


25.4 
17.1 
24.3 
17.0 
16.2 


100.0 


Amount  per 
capita 


$56.  30 
56.69 
58.16 
58.79 
55.98 


57.17 


Table  5  is  a  recapitulation  of  table  4  and  shows  the 
liability  of  the  residents  of  the  various  rural  and  urban 
areas  for  the  payment  of  the  several  lands  of  taxes,  but 
it  does  not  include  the  motor-vehicle  imposts  paid  by 
nonresidents. 

Table  6  gives,  in  the  second  column,  the  tax  rates 
per  $100  valuation  levied  upon  general  property  in 
each  of  the  several  classes  of  local  governmental  units. 
For  purposes  of  comparison,  the  third  column  gives 
the  rates  that  would  have  been  required  if  the  total 
amount  received  from  all  taxation  had  been  levied 
upon  general  property,  and  the  last  column  gives  the 
percentages  that  general  property  taxes  were  of  all 
taxes  paid  by  residents.  Figure  2  is  a  graphical 
presentation  of  these  data. 

IMPOSTS  USED  FOR  HIGHWAY  PURPOSES 

The  only  taxes  levied  specifically  for  highway  pur- 
poses were  the  State  motor-vehicle  imposts — license 
fees,  gasoline  taxes,  and  miscellaneous  motor-vehicle 
imposts— which  totaled  $4,757,000.  The  localities  col- 
lected a  permit  fee  on  motor  vehicles,  but  the  proceeds 
from  this  impost  went  into  the  general  community  fund 
and  only  about  $91,000  was  used  for  highway  purposes. 
These  user  revenues  comprised  $4,848,000  of  funds  for 
street  and  highway  purposes  or  59  percent  of  the  total 
for  such  purposes. 

Since  the  total  1932  highway  program  required 
$8,202,300,  part  of  the  revenue  from  the  general  prop- 
erty taxes  and  other  imposts  had  to  be  used  for  high- 
way purposes.    Table  7  shows  that  to  meet  this  need 


Table  4. — Sources  of  revenue  by  type  of  tax  or  revenue 


Type  of  tax 


General  property  tax 

Other  imposts: 
State: 

Telephone  and  telegraph  taxes 

Gas  and  electric  company  taxes 

Inheritance  tax 

Motor-vehicle  Imposts 

Licenses,  fees,  permits 

Miscellaneous  income 

Total  State 

Joint  State  and  local: 

Insurance  taxes 

Savings-bank  tax 

Intangibles  tax 

Railroad  tax 

Building  and  loan  association  tax 

Total  joint  State  and  local 

Local: 

Motor-vehicle  permit  fee 

Poll  tax 

National  bank-stock  tax 

Licenses,  permits,  fees.. 

Miscellaneous  income 

Total  local 

County — Miscellaneous  imposts 

Total  other  imposts 

Grand  total 

RECAPITULATION 

General  property  taxes 

Motor-vehicle  imposts ... 

Other  State  imposts 

Joint  State  and  local  imposts 

Other  local  imposts 

Miscellaneous  county  imposts 

Total 


$16, 342, 900 


Amount 


319, 200 
176, 300 
459, 000 
I  4, 757, 000 
271, 300 
214, 700 


6, 196, 500 


442, 500 
636, 800 
586, 100 
937, 900 
1,600 


2, 604, 900 


513,000 
332, 200 
51, 800 
101,800 
927,000 


1, 925, 800 


19, 500 


10, 746, 700 


'  27,089, 600 


Per- 
cent 


60.3 


1.2 
.6 
1.7 
17.6 
1.0 


22.9 


1.6 
2.3 
2.2 
3.5 


9.6 


1.9 

1.2 

.2 

.4 

3.4 


7.1 


39.7 


100.0 


Amount 
per 

capita 


$35. 12 


0.69 

.38 

.99 

10.22 

.58 


13.32 


.95 
1.37 
1.26 
2.02 


5.60 


1.10 
.72 
.11 
.22 

1.99 


4.14 


.04 


23.10 


58.22 


16,342,900 

i  5, 270, 000 

1, 439, 500 

2, 604, 900 

1, 412, 800 

19,500 


i  27,089, 600 


60.3 
19.5 
5.3 
9.6 
5.2 
.1 


100.0 


35.12 
11.33 
3.09 
5.60 
3.04 
.04 


58.22 


"Includes  $490,400  of  imposts  charged  against  nonresidents. 

Table  5. — Incidence  and  classification  of  all  taxes  levied  in  1932 
and  paid  by  residents 


Payable  by 

General  prop- 
erty taxes 

Motor-vehicle 
imposts 

Other  taxes 

All  taxes 

taxpayers  in — 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

Amount 

Per- 
cent 

Rural  areas 

Places  to  2,499. . 
Places  2,500  to 

14  999 
Places  15,000  to 

74,999 

Manchester 

$4,280,400 
2, 634, 100 

3,815,600 

2,918,300 
2, 694, 500 

26.2 
16.1 

23.3 

17.9 
16.6 

$1, 131, 600 
1, 019, 500 

1, 229, 600 

696, 500 
702,400 

23.7 
21.3 

25.7 

14.6 
14.7 

$1, 357, 900 
905, 800 

1,414,200 

894, 600 
904,200 

24.8 
16.6 

25.8 

16.3 
16.5 

$6,  769, 900 
4,559,400 

6, 459, 400 

4, 509, 400 
4, 301, 100 

25.4 
17.  1 

24.3 

17.0 
16.2 

Total 

16, 342, 900 

100.0 

'4,779,600 

100.0 

5,476,700 

100.0 

26, 599, 200 

100.0 

Percentage    of 

61.4 

18.0 

20.6 

100  0 

1  Made  up  as  follows:  $2,340,600  of  gasoline  taxes,   $1,569,500  of  registration  fees. 
$356,500  of  miscellaneous  imposts  and  $513,000  of  local  permit  fees. 

$2,865,800  was  derived  from  the  general  property  tax, 
and  $488,500  from  other  revenue  sources.  The  special 
assessment  method  of  financing  highways,  although  it 
is  extensively  used  elsewhere,  is  not  used  in  New 
Hampshire. 

Nonresidents  paid  at  least  $436,000  of  user  revenues 
expended  upon  New  Hampshire  highways.  The  license 
fees  and  miscellaneous  imposts  paid  by  them  were 
known.  The  total  amount  of  gasolino  consumed  by 
vehicles  owned  by  New  Hampshire  residents  was 
obtained  and  thus  the  total  amount  of  gasoline  tax  paid 
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by  them  was  determined.  The  balance,  found  by  deduct- 
ing the  amount  paid  by  New  Hampshire  residents  from 
the  total  gasoline  tax  collected,  was  the  amount  paid  by 
nonresidents. 

Table  6. — General  property  lax  rales  per  $100  valuation  in  1932, 
and  their  relation  to  the  total  of  all  imposts 


Unit  of  government  in  which 
taxes  were  payable 


Rural  areas 

Places  to  2,499 

Places  2,500  to  14,999... 
Places  15,000  to  74,999.. 
Manchester 

Average  for  State 


Actual  tax  rate 
on  general 
property 
as  levied  > 


$2.34 
2.76 
2.75 
2.92 
2.54 


2.62 


Tax  rate  needed 

to  raise  all  taxes 

by  general 

property  tax 

levies ' 


$3.69 
4.78 
4.65 
4.52 
4.05 


4.27 


Percentage  that 
general  prop- 
erty taxes  are 

of  all  taxes  and 
imposts  > 


63.2 
57.8 
59.1 
64.7 
62.6 


61.4 


i  Statutory  standard  of  assessment  is  full  value,  and  assessment  is  made  substan- 
tially at  that  figure. 
>  Based  on  total,  excluding  $490,400  paid  by  nonresidents. 

Table  7. — Taxes  from  which  funds  were  derived  for  highway  and 
street  purposes  in  1932 


Type  of  tax 


Local  general  property  tax 

Motor-vehicle  imposts: 

Road  toll 

License  fees 

Miscellaneous  imposts 

Local  permit  fees 

Total  user  revenues 

Total  general  property  tax  and  user  revenues... 
Other  imposts » 

Grand  total 


Amount 


$2, 865, 800 


'  2,638,800 

«  1, 723, 100 

3  395, 100 

91,000 


«  4, 848, 000 


7, 713, 800 
488, 500 


•  8, 202, 300 


Per- 
cent 


34.9 


32.2 

21.0 

4.8 

1.1 


69.1 


94.0 
6.0 


100.0 


Amount 

per 
capita 


6.16 


5.67 

3.70 

.85 

.20 


10.42 


16.58 
1.05 


17.63 


i  Includes  $298,200  paid  by  nonresidents. 
» Includes  $153,600  paid  by  nonresidents. 

•  Includes  $38,600  paid  by  nonresidents. 

4  Includes  $490,400  paid  by  nonresidents. 

•  Made  up  of  national  bank-stock  tax,  miscellaneous  license  fees  and  permits,  poll 
tax,  miscellaneous  income  and  commercial  revenues,  insurance  tax,  savings-bank 
tax,  intangibles  tax,  building  and  loan  association  tax,  and  railroad  tax. 

'  This  amount  was  needed  to  meet  expenses  of  administering  motor-vehicle  taxes 
and  principal  payments  on  highway  debt  in  addition  to  the  amounts  actually  ex- 
pended upon  highways  and  streets. 

The  amount  of  imposts  levied  for  highway  and  street 
purposes  paid  by  the  residents  of  the  State  was 
$7,711,900,  as  shown  in  table  8.  The  amount  given  for 
each  class  of  place  is  the  sum  of  all  taxes  imposed  for 
highway  purposes.  For  the  urban  places  this  included 
the  contributions  for  local  street  improvements  as  well 
as  the  urban  share  of  the  rural  highway  program. 

MOTOR-VEHICLE  REGISTRATIONS,  IMPOSTS,  AND  TRAVEL 
PERFORMED 

Of  the  104,383  motor  vehicles  registered  in  New 
Hampshire  in  1932,  87,217,  or  83.6  percent,  were  pas- 
senger cars.3  This  was  1  passenger  car  for  every  5.3 
persons.  The  ratio  for  trucks  and  busses  was  1  to 
every  27.1  persons. 

To  obtain  their  approximate  distribution  between  the 
rural  areas  and  the  several  classes  of  urban  places,  a 
sample  of  the  registrations  was  tabulated  by  locality. 
Questionnaires  were  then  sent  to  those  motor-vehicle 
owners  whose  locations  were  uncertain.  Several  checks 
made  against  known  facts  determined  the  accuracy  of 
the  results.  Table  9  shows  the  distribution  of  motor 
vehicles  among  the  several  classes  of  places. 

•  These  figures  exclude  nonresident  registrations  and  are  therefore  somewhat 
smaller  than  figures  previously  issued  by  the  Bureau. 
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Figure  2. — Actual  Tax  Rates  on  General  Property  and 
Rates  Required  if  All  Taxes  Were  Levied  on  General 
Property. 

Table  8. — Incidence  of  taxes  used  for  street  and  highway  purposes 
in  1932,  classified  by  places 


Payable  by  taxpayers  in- 


Rural  areas 

Places  to  2,499 

Places  2,500  to  14,999.. 
Places  15,000  to  74,999 
Manchester 

Total 

Nonresidents 

Grand  total 


Amount 


$2,150,000 
1,459,800 
1,826,500 
1,162,200 
1,113,400 


7,711,900 
490, 400 


8, 202, 300 


Per- 
cent 


27.9 
18.9 
23.7 
15.1 
14.4 


100.0 


Amount  per 
capita 


$17.88 
18.15 
16.44 
15.15 
14.49 


16.57 


Registration  fees  collected  from  motor-vehicle  owners 
in  New  Hampshire  are  based  upon  the  weight  of  the 
vehicle.  New  Hampshire  residents  in  1932  paid 
$1,569,500  in  mo  tor- vehicle  license  fees,  an  average  of 
$15.04  per  vehicle.  Owners  of  trucks  and  busses  paid 
an  average  fee  of  $25.04  and  passenger-car  owners  paid 
$13.07.  Nonresident  registration  fees  totaled  $153,600, 
about  9  percent  of  the  total  of  $1,723,100  received  from 
license  fees.  The  total  and  average  amounts  paid  by 
the  owners  in  the  various  places  are  shown  in  table  9. 
The  highest  average  passenger-car  and  truck  fees  were 
paid  by  motor-vehicle  owners  in  the  largest  cities,  and 
the  lowest  were  paid  by  motor-vehicle  owners  in  the 
rural  areas.  These  deviations  are  normal,  for  the  most 
valuable  and  heaviest  passenger  cars  and  trucks  are 
usually  found  in  urban  areas. 

The  cost  of  collecting  the  motor-vehicle  license  fees 
was  approximately  $77,000,  or  4.9  percent  of  the  total 
gross  revenue,  making  a  cost  of  74  cents  per  vehicle. 
This  was  the  cost  of  licensing  and  all  allied  activities. 

DISTRIBUTION  OF  TRAVEL  PERFORMED  AND  GASOLINE  CONSUMP- 
TION DETERMINED  BY  QUESTIONNAIRES 

As  in  the  other  States  studied,  questionnaires  were 
sent  to  a  representative  sample  of  the  motor-vehicle 
owners  of  the  State  to  determine  the  amount  of  gasoline 
consumed  and  the  number  of  miles  traveled  during  the 
year.  The  results  obtained  by  these  questionnaires  are 
shown  in  table  10.  Of  all  vehicles  in  the  various  classes 
of  places,  those  in  the  rural  areas  traveled  the  least, 
averaging  6,836  miles  annually,  while  the  vehicles  in 
Manchester  traveled  the  most,  averaging  8,679  miles. 
Trucks  and  busses  traveled,  on  an  average,  about  10 
percent  more  than  passenger  cars. 

Table  10  also  shows  that  the  average  annual  gasoline 
consumption  per  vehicle  by  trucks  and  busses  was 
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Figure  3. — Total  Travel  Performed  by  Passenger  Cars 
and  Trucks  and  Busses  in  1932,  Distributed  by  Place 
op  Ownership. 

Table  9.' — Motor -vehicle  registrations,  persons  per  vehicle,  and 
registration  fees  paid,  distributed  by  place  of  ownership  among 
the  several  classes  of  local  governmental  units 


Registrations 

Persons 

per 
vehicle 

Registration  fees 

Place  of  ownership 

Number 

Per- 
cent 

Amount 

Per- 
cent 

Amount 

per 
vehicle 

Rural  areas: 

Passenger  cars 

21,811 
5,100 

125.0 

»29.7 

5.5 
23.6 

$274, 200 
108, 300 

'24.1 
»25.2 

$12. 57 
21.24 

Trucks  and  busses 

Total 

26,911 

25.8 

4.5 

382, 500 

24.4 

14.21 

Places  to  2,499: 

Passenger  cars  

19, 140 
3,852 

i  21.9 
2  22.4 

4.2 
20.9 

251,200 
90, 500 

■22.0 

2  21.1 

13.12 
23.49 

Truck:;  and  bui 

Total 

22, 992 

22.0 

3.5 

341,700 

21.8 

14.86 

Places  2,500  to  14,999: 

Passenger  cars 

23, 159 

4,  179 

•26.6 

2  24.4 

4.8 
26.6 

305, 700 
116, 100 

126.8 
2  27.0 

13.20 
27.78 

Trucks  and  busses, .  . 

Total 

27, 338 

26.2 

4.1 

421, 800 

26.9 

15.43 

15,000  to  74,999: 
Passenger  cars 

11,849 
2,134 

■  13.6 
»12.4 

6.5 
35.9 

160, 300 
60.000 

114.1 
2  13.9 

13.53 
28.12 

Trucks  and  busses 

Total 

13, 983 

13.4 

5.5 

220, 300 

14.0 

15.75 

Manchester: 

Passenger  cars 

11,258 
1,901 

i  12.9 
2  11.1 

6.8 
40.4 

148, 300 
54, 900 

113.0 
2  12.8 

13.17 
28.88 

Trucks  and  busses 

Total 

13, 159 

12.6 

5.8 

203.  200 

12.9 

15.44 

State  totals: 

Passenger  cars 

Trucks  and  busses 

87, 217 
17, 166 

83.6 
16.4 

27.1 
4.5 

1, 139, 700 

429, 800 

72.6 
27.4 

13.07 
25.04 

Total 

104, 383 

100.0 

1,569,500 

100.0 

15.04 

■  Percentage  of  State  total  for  passenger  cars. 
2  Percentage  of  State  total  for  trucks  and  busses. 

almost  50  percent  greater  than  the  consumption  per 
passenger  car.  This  was  caused  by  both  the  lower 
mileage  per  gallon  obtained  and  the  greater  distances 
(raveled  by  the  trades  and  busses. 

Table  11  shows  the  total  travel  in  vehicle-miles,  and 
total  gasoline  consumption  in  gallons,   for  passenger 
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Figure  4. — Percentage  Distribution  of  All  Vehicles  by 
Number  Registered,  Registration  Fees  and  Gasoline 
Taxes  Paid,  and  Travel  Performed. 

cars  and  trucks  and  busses,  distributed  by  place  of 
ownership.  These  data  were  derived  from  the  pre- 
viously established  data  ^on  registrations,  average 
gasoline  consumption,  and  average  mileage  traveled. 
Figures  3  and  4  show  interesting  relations  regarding 
passenger  cars  and  trucks  and  busses. 

Table  10. — Average  mileage  traveled  and  average  gasoline  con- 
sumption per  motor  vehicle  in  19S2,  by  place  of  ownership 


Average  gasoline  con- 
sumption 

Average  mileage  traveled 

Place  of  ownership 

Passen- 
ger cars 

Trucks 

and 
busses 

All 
vehicles 

Passen- 
ger cars 

Trucks 

and 

busses 

All 
vehicles 

Rural  areas.. 

Gallons 
452 
510 
516 
595 
606 

Gallons 
722 
696 
727 
893 
992 

Gallons 
503 
541 
548 
640 
662 

Miles 
6,639 
7,333 
7,090 
7,686 
8,402 

Miles 
7,675 
7,034 
8,101 
8,763 

10, 321 

Miles 
6,836 

Places  to  2,499 

7,305 

Places  2,500  to  14.999 

Places  15,000lo  74,999 
Manchester 

7,245 
7,850 
8,679 

Average. 

521 

769 

•562 

7,281 

8,063 

7,410 

1  The  gasoline  consumption  per  registered  vehicle  is  reported  in  the  Taxation  of 
Motor  Vehicles  in  1932  as  622  gallons.  In  deriving  this  figure  no  allowance  was 
made  for  gasoline  consumed  by  tourists.  New  Hampshire  has  a  large  amount  of 
summer  tourist  travel.  The  proportion  of  gasoline  consumed  by  out-of-State  cars 
is  increased  by  the  light  winter  travel  by  all  classes  of  traffic. 

From  tables  9  and  11,  a  comparison  can  be  made 
between  the  distribution  of  vehicles  in  the  various 
places  and  the  travel  performed  by  them.  For  ex- 
ample, in  Manchester  there  were  registered  12.6  percent 
of  all  of  the  vehicles  in  the  State ;  and  of  the  total  travel 
on  all  highways  and  streets  during  the  year,  14.8  per- 
cent was  done  by  these  vehicles.  Rural  areas  con- 
tained 25.8  percent  of  all  the  vehicles  in  the  State  and 
performed  23.8  percent  of  the  total  travel  by  all  ve- 
hicles in  the  State  exclusive  of  travel  by  nonresidents. 

A  constitutional  limitation  places  the  levying  of  a  tax 
on  the  privilege  of  selling  gasoline  outside  of  legislative 
power.  It  is  possible,  however,  for  the  State  to  charge 
for  the  use  of  the  public  works  it  has  built.  Under  this 
interpretation  the  State  can  levy  a  road  toll.  Since  the 
amount  of  gasoline  used  is  a  measure  of  the  use  of  the 
highways,  the  road  toll  is  raised  through  a  tax  on 
gasoline.  For  all  practical  purposes  this  tax  is  like 
aU  other  State  gasoline  taxes  and  is  so  considered 
in  this  survey. 
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Table   11. — Mileage  traveled,  gasoline  consumption,  and  gasoline-tax  payments  by  passenger  cars  and  by  trucks  and  busses,  distributed 

by  place  of  ownership 

(Exclusive  of  nonresidents] 


Registra- 
tions 

Total  travel 

Total  gaso- 
line con- 
sumption 

Total 

gasoline  tax  paid 

Place  of  ownership 

Vehicle-miles 

Percent 

Amount 

Percent 

Amount  per 
vehicle 

liural  areas: 

Passenger  cars 

Number 
21,811 
5, 100 

144, 800, 000 
39, 100,  000 

'22.8 

2  28.2 

Gallons 
9, 865, 000 
3, 685,  000 

$394, 600 
147, 400 

16.9 
6.3 

$18. 09 
28.90 

Trucks  and  busses. . _ 

Total _._ 

26.911 

183, 900, 000 

23.8 

13, 550, 000 

542, 000 

23.2 

Places  to  2,499: 

19, 140 
3,852 

140,  400, 000 
27, 100, 000 

122.1 
M9.6 

9, 685, 000 
2,  625, 000 

387, 400 
105, 000 

16.5 
4.5 

20  24 

Trucks  and  busses 

27  26 

Total 

22, 992 

167, 500, 000 

21.6 

12, 310, 000 

492, 400 

21.0 

21  42 

Places  2,500  to  14,999: 

Passenger  cars 

23, 159 
4,179 

164, 200, 000 
33, 900, 000 

'25.9 
»24.5 

11, 952, 500 
3,040,000 

478, 100 
121,600 

20.4 
5.2 

20  64 

Trucks  and  busses .-. 

29  10 

Total 

27  338 

198, 100, 000 

25.6 

14, 992, 500 

599, 700 

25.6 

21.94 

Places  15,000  to  74,999: 

Passenger  cars 

11,849 
2,134 

91, 100, 000 
18,  700, 000 

i  14.3 
2  13.5 

7, 047, 500 
1,907,500 

281,900 
76,300 

12.0 
3.3 

23.79 

Trucks  and  busses 

35.75 

Total 

13, 983 

109, 800. 000 

14.2 

8, 955, 000 

358,200 

15.3 

25.62 

Manchester: 

Passenger  cars 

11,258 
1,901 

94, 600, 000 
19, 600, 000 

■  14.9 
»14.2 

6, 822, 500 
1, 885, 000 

272,900 
75,400 

11.7 
3.2 

24.24 

Trucks  and  busses 

39.66 

Total 

13, 159 

114,200,000 

14.8 

8, 707, 500 

348, 300 

14.9 

26.47 

State  total: 

Passenger  cars 

87,217 
17,166 

635, 100, 000 
138, 400, 000 

82.1 
17.9 

45, 372, 500 
13, 142, 500 

1, 814, 900 
525, 700 

77.5 

22.5 

20.81 

Trucks  and  busses 

30.62 

Total 

104, 383 

773, 500, 000 

100.0 

58, 515, 000 

2, 340, 600 

100.0 

22.42 

1  Percentage  of  total  for  passenger  cars. 

The  total  (net  after  refunds)  receipts  from  the  gaso- 
line tax  were  $2,638,800.  The  residents  of  New  Hamp- 
shire paid  $2,340,600  and  nonresidents  paid  $298,200. 
The  gasoline  tax  was  second  only  to  property  taxes  as 
a  source  of  revenue,  and  was  the  largest  item  of  the 
motor- vehicle  receipts.  The  cost  of  administering  the 
gasoline  tax  was  only  $3,600. 

The  1932  gasoline  tax  rate  was  4  cents  per  gallon, 
composed  of  a  tax  of  3  cents  per  gallon,  the  proceeds  to 
be  used  for  general  highway  expenditures  on  the  State 
highway  system,  and  a  tax  of  1  cent  per  gallon,  the 
revenue  to  be  used  by  the  State  exclusively  for  highway 
debt  service.  As  was  found  for  license  fees,  the  larger 
the  community  the  greater  was  the  gasoline  tax  paid  per 
vehicle. 

The  average  gasoline  tax  paid  by  trucks  and  busses 
was  $30.62  per  vehicle,  or  nearly  50  percent  greater 
than  that  paid  by  passenger  cars.  The  average  gaso- 
line tax  for  air  motor  vehicles  was  $22.42  per  vehicle. 

Table  11  shows  that,  on  the  average,  trucks  and 
busses  paid  in  gasoline  taxes  $9.81  more  than  passenger 
cars.  The  excess  of  the  average  license  fee  for  trucks 
and  busses  over  that  for  passenger  cars  was  $11.97, 
making  a  total  excess  of  $21.78.  Since  there  were 
17,166  trucks  and  busses  licensed  in  the  State,  the 
amount  of  user  revenues  paid  by  trucks  and  busses  was 
approximately  $370,000  more  than  that  paid  by  an 
equal  number  of  passenger  cars. 

Trucks  and  busses  contributed  17.9  percent  of  the 
travel  and  paid  22.5  percent  of  the  gasoline  taxes. 

MISCELLANEOUS  MOTOR-VEHICLE  IMPOSTS 

In  lieu  of  the  personal-property  tax  formerly  charged 
against  motor  vehicles,  a  local  permit  fee  has  been  sub- 


Percentage  of  total  for  trucks  and  busses. 

stituted  and  is  a  prerequisite  to  registration.  Motor- 
vehicle  owners  who  pay  the  permit  fee  are  exempt  from 
the  property  tax.  Those  vehicles  not  reached  by  the 
permit  fee,  however,  such  as  cars  in  the  hands  of  dealers, 
are  still  charged  with  the  personal-property  tax. 

The  revenues  from  the  fees  go  to  the  local  communi- 
ties in  the  same  manner  that  general  property  revenues 
do,  and  the  money  is  used  for  the  general  purposes  of 
the  town.  Although  received  from  motor-vehicle 
owners  and  consequently  highway  users,  it  is  not  spe- 
cifically dedicated  for  highway  purposes.  In  1932, 
however,  $91,000  or  17.7  percent  of  the  $513,000  col- 
lected in  permit  fees  was  used  for  highway  purposes. 
Permit  fees  paid  by  persons  living  in  unorganized  areas 
go  into  the  county  fund. 

The  average  permit  fee  in  urban  communities  was 
higher  than  in  rural  areas  and  the  fee  was  highest  in 
Manchester,  the  average  there  being  $8.05  per  vehicle. 
It  is  not  surprising  that  the  permit  fee,  being  based  on 
value  and  on  the  age  of  the  vehicle,  was  higher  in  the 
urban  communities  than  in  the  rural,  since  the  newer, 
more  valuable  vehicles  are  owned  in  the  places  of 
greatest  population. 

Besides  the  registration  fees,  local  permit  fees,  and 
gasoline  taxes,  there  are  a  number  of  other  imposts 
levied  specifically  on  motor  vehicles  and  their  operators. 
Among  these  are  drivers'  and  chauffeurs'  licenses, 
transfer  fees,  manufacturers'  and  dealers'  fees,  and  fines 
and  penalties  similar  to  those  collected  in  other  States. 
These  are  incidental  fees  of  minor  importance,  collected 
in  connection  with  the  operation  of  the  laws  and  regula- 
tions in  the  State.  The  total  of  these  imposts  in  1932 
was  $395,100,  of  which  $356,500  was  contributed  by 
residents  of  New  Hampshire. 
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Table  12. — Average  and  total  payments  of  motor-vehicle  fees  and  gasoline  taxes  by  owners  of  motor  vehicles  in  1932,  distributed  by  place 

of  ownership  ' 

Payments  per  vehicle 

Total  payments 

Place  of  ownership 

Registra- 
tion fees 

Gasoline 

tax 

Miscel- 
laneous 
imposts 

Local 

permit 

fees 

Total 

Registra- 
tion fees 

Gasoline 
tax 

Miscel- 
laneous 
Imposts 

Local 

permit 

fees 

Total 

Percent- 
age of 
total 

$14.  21 
14.83 
15.43 
15.75 
15.44 

$20. 14 
21.42 
21.94 
25.62 
26.47 

$3. 48 
3.42 
3.34 
3.41 
3.42 

$4.21 
4.64 
4.27 
5.03 
8.05 

$42.04 
44.34 
44.98 
49.81 
53.38 

$382, 500 
341, 700 
421,800 
220, 300 
203,200 

$542, 000 
492,400 
599, 700 
358.200 
348, 300 

$93, 700 
78.700 
91,400 
47,700 
45,000 

$113,400 
106,700 
116,700 
70,300 
105, 900 

$1, 131, 600 

1, 019,  500 

1, 229, 600 

696, 500 

702,400 

23.7 
21.3 
25.7 
14.6 

14.7 

Places  to  2.499  

Places  2,500  to  14,999... 

Places  15,000  to  74,999 

15.04 

22.42 

3.42 

4.91 

45.79 

1, 569, 500 

2, 340, 600 

356, 500 

513,000 

4,779,600 

100.0 

Excludes  payments  by  nonresidents. 
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Figure  5. — Average  Motor- Vehicle  Imposts  and  Gasoline 
Taxes  Paid  by  Motor-Vehicle  Owners,  Distributed  nv 
Place  of  Ownership. 

data  on  motor-vehicle  taxes  and  travel  summarized 

'Pablo  12  summarizes  the  data  on  average  registra- 
tion fees  and  gasoline  taxes  paid  in  1932.  The  total 
additional  charges  made  against  motor-vehicle  owners 
are  also  shown.  These  data  are  presented  graphically 
in  figure  5. 

Table  13  summarizes  the  relations  between  popula- 
tion, vehicles  registered,  registration  fees  and  gasoline 
taxes  paid,  and  travel  performed,  data  that  have  been 
given  iD  preceding  paragraphs.  Figure  6  shows  the 
relations  between  registrations,  contribution  to  high- 
way taxes,  and  travel  performed. 

The.  following  conclusions  regarding  motor  vehicles, 
their  taxation  and  travel,  can  be  drawn: 

1 .  The  rural  areas  with  25.8  percent  of  the  popula- 
tion contained  25.8  percent  of  the  registered  motor 
vehicles.  Motor-vehicle  owners  in  the  rural  areas  paid 
23.7  percent  of  the  motor-vehicle  imposts  collected 
and  contributed  23.8  percent  of  the  total  travel  per- 
formed by  New  Hampshire  vehicles. 

2.  The  urban  communities  with  74.2  percent  of  the 
population  contained  74.2  percent  of  the  registered 
motor  vehicles.  Motor-vehicle  owners  in  these  urban 
areas  paid  76.3  percent  of  the  motor-vehicle  imposts 
collected  and  contributed  76.2  percent  of  the  total 
travel  performed  by  residents, 


MOTOR     VEHICLES    REGISTERED 

CONTRIBUTION  TO  TAXES  FOR  STREETS  AND  HIGHWAYS 

CONTRIBUTION    TO    TOTAL    TRAVEL 
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PLACES 
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MANCHESTER 
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UP  TO 

2.500 

15,000 

2,499 

TO 
14.999 

TO 
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Figure  6.— Percentage  Distribution  of  Motor  Vehicles 
Registered,  all  Motor- Vehicle  Imposts  Paid,  and  Con- 
tribution to  Total  Travel,  Distributed  bv  Govern- 
mental Units. 

3.  The  average  registration  fee  paid  was  $15.04; 
the  average  gasoline  tax  was  $22.42;  the  average 
miscellaneous  motor- vehicle  tax  was  $3.42; 'the  average 
local  permit  fee  was  $4.91;  and  the  total  payment  was 
$45.79  per  vehicle  in  user  revenues.  Both  registration 
fees  and  gasoline  tax  payments  per  vehicle  were  found 
to  increase  as  the  place  of  residence  became  more 
densely  settled. 

4.  The  average  registration  fee  paid  was  $13.07  for 
passenger  cars  and  $25.04  for  trucks  and  busses.  The 
average  gasoline  tax  paid  was  $20.81  by  passenger-car 
owners  and  $30.62  by  owners  of  trucks  and  busses. 
The  average  payment  per  vehicle  for  registration  fees 
and  gasoline  taxes  was  $33.88  for  passenger  cars,  $55.66 
for  trucks  and  busses,  and  the  average  for  all  vehicles 
was  $37.46. 

5.  Trucks  and  busses  contributed  16.4  percent  of 
the  total  registrations  and  17.9  percent  of  the  total 
travel  by  New  Hampshire  vehicles  and  paid  27.4 
percent  of  the  registration  fees  and  22.5  percent  of  the 
gasoline  taxes. 
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Table  13. — Comparison  of  the  several  classes  of  local  governmental 
units  as  to  population,  motor  vehicles  registered,  motor-vehicle 
taxes  paid,  and  share  of  total  travel  performed  by  vehicles  owned 
in  these  places 


Unit  ol  government 

Popu- 
lation 

Motor 
vehi- 
cles 
regis- 
tered 

Reg- 
istra- 
tion 
fees 
paid 

Gaso- 
line 
taxes 
paid 

Registra- 
tion fees 
and  gas- 
oline 
taxes 
paid 

All 
motor- 
vehicle 
imposts 
paid 

Contri- 
bution 

to  total 
travel 

Rural  areas 

Places  to  2,499 

Places  2,500  to  14,999.. 
Places  15,000  to  74,999. 

Pel. 

25.8 
17.3 
23.9 
16.5 
16.5 

Put. 
25.8 
22.0 
26.2 
13.4 
12.6 

Pet. 

24.4 
21.8 
26.9 
14.0 
12.9 

Pet. 
23.2 
21.0 
25.6 
15.3 
14.9 

Pel. 
23.7 
21.3 
26.  1 
14.8 
14.1 

Pet. 

21.3 
25. 7 
14.6 
14.7 

Pet. 
23.  8 

21.6 
25.6 
14.2 

14.8 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

KONUKI)  INDEBTEDNESS   FOB    HIGHWAYS    ABOUT   40    PERCENT   OF 

TOTAL 

The  total  bonded  indebtedness  for  all  units  of  gov- 
ernment in  New  Hampshire  at  the  end  of  1 932  amounted 
to  $26,131,000.  Of  this  amount  $10,242,000,  or  39.2 
percent,  was  incurred  for 
highways  and  streets; 
$5,833,400,  or  22.3  percent, 
was  for  education;  $7,884,- 
100,  or  30.2  percent,  was 
for  public  benefit;  and 
$2,171,500,  or  8.3  percent, 
was  for  governmental  pur- 
poses. In  NewHampshire 
as  in  other  States,  the  exten- 
sive highway  program  was 
responsible  for  a  large  por- 
tion of  the  public  debt. 
Table  14  shows  the  bonded 
indebtedness  classified  by 
purpose  and  by  govern- 
mental unit. 

The  bonded  indebted- 
ness of  the  State  govern- 
ment comprised  $7,841,000, 
or  30  percent  of  the  total. 
Of  this  amount,  67.6  per- 
cent, or  $5,300,000,  was  for 
highway  purposes.  The 
entire  State  highway  debt 
consisted  of  three  series  of 
bond  issues — the  New  Hampshire  flood  bonds,  the  per- 
manent improvement  bonds,  and  the  trunk-line  com- 
pletion bonds. 

The  New  Hampshire  flood  bonds,  authorized  in  1927 
for  an  amount  not  to  exceed  $3,000,000,  were  issued 
for  the  construction  and  reconstruction  of  the  highways 
damaged  or  destroyed  by  floods  in  1927. 

A  permanent  highway  bond  issue  was  authorized  in 
1929  for  the  construction  and  reconstruction  of  trunk- 
line  highways.  The  total  issue  was  not  to  exceed 
$8,000,000. 

The  proceeds  from  the  additional  gasoline  tax  of  1 
cent  per  gallon  are  used  to  service  both  of  these  issues. 

Trunk-line  completion  bonds  not  to  exceed  $750,000 
in  amount  were  authorized  in  1929  to  provide 
"*  *  *  for  the  assistance  of  cities  and  towns  in 
the  completion  of  the  permanent  improvement  of 
existing  trunk  lines."    It  was  in  effect  a  loan  to  towns 


Table   14. — Bonded  indebtedness  as  of  Dec.  SI,  1932,  classified 
by  purpose  of  issue  and  by  unit  of  government 

BY  PURPOSE 


Amount 

Percentage 
of  total 

Amount  per 
capita 

$10,  242, 000 
5.833,400 
7,884,100 
2, 171, 500 

39.2 

22.3 
30.2 
8.3 

$22. 01 

12.54 

Public  benefit 

16.94 

4.67 

Total..     . 

26,  131,  000 

100.0 

56  16 

BY  UNIT  OF  GOVERNMENT 


State 

$7,841,000 

932, 500 

2,  316,  700 

15,  040, 800 

30.0 
3.6 

8.8 
57.6 

$16  85 

2  0(1 

Rural  areas 

19.  26 

43.59 

Total 

26,  131, 000 

100.  0 

.ri<;  16 

NEW    HAMPSHIRE    EXPENDITURES    IN 

1932 

The  total  expenditures  for  all  purposes  (ex- 
clusive of  principal  payments  on  bonds  and 
loans)  by  all  units  of  government  in  New 
Hampshire  in  1932  were  $28,298,000,  ol  which 
$9,129,200  was  expended  for  highways  and 
streets,  $7,624,500  for  education,  $9,867,000 
for  public  benefit,  and  $1,677,300  for  other 
governmental  purposes. 

Expenditures  by  the  State  were  $10,242,200; 
by  the  counties,  $2,166,300;  by  incorporated 
places,  $11,229,600;  and  by  rural  areas, 
$4,659,900. 

Of  the  total  expenditures,  40.3  percent  was 
made  in  rural  areas;  13.2  percent  in  incorpo- 
rated places  to  2,499  population;  19.1  percent 
in  places  with  2,500  to  14,999  population;  14.7 
percent  in  places  with  15,000  to  74,999  popu- 
lation; and  12.7  percent  in  Manchester. 


to  enable  them  to  defray  then  share  of  the  cost  of 
completing  the  gaps  in  the  trunk-line  highway  system. 

The  State  also  issued 
bonds  in  the  amount  of 
$1,541,000  for  public  bene- 
fit purposes  and  $1,000,000 
for  other  governmental 
purposes.  There  was  no 
State  bonded  debt  for  edu- 
cation. 

The  county  indebtedness 
amounted  to  only  $932,500, 
all  of  which  was  incurred 
for  public  benefit. 

The  urban  communities 
had  a  total  indebtedness  of 
$15,040,800,  or  57.6  percent 
of  the  total.  Over  27  per- 
cent of  this  was  incurred 
for  highways  and  streets. 
Of  the  total  indebtedness 
of  $2,316,700  incurred  by 
the  rural  areas,  36.2  per- 
cent, or  $839,400,  was  for 
highway  purposes. 

The  per-capita  debt 
ranged  from  $19.26  in  the 
rural  areas  to  $54.84  in  the 
city  of  Manchester.  The  per-capita  debt  contracted  by 
the  counties  was  $2;  by  the  State,  $16.85. 

Debt  service  consists  of  interest  and  principal 
payments  on  indebtedness.  The  total  debt-service  pay- 
ments hi  1932  were  $5,464,400,  of  which  $1,638,600,  or 
30  percent,  was  for  highways.  Contrary  to  the  usual 
situation,  in  New  Hampshire  the  percentage  of  debt 
service  for  each  of  the  purposes  differed  considerably 
from  the  percentage  of  outstanding  indebtedness  for 
the  same  purpose. 

For  the  entire  State  nearly  four-fifths  of  the  debt 
service  consisted  of  principal  payments,  and  the  balance 
was  interest.  State  payments,  however,  showed  a 
higher  proportion  of  principal  payments,  amounting  to 
almost  88  percent  of  the  total  debt  service  on  State 
debts.  Table  15  shows  these  figures  for  Manchester 
and  for  the  rest  of  the  State. 
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Figure  7. — Per-Capita  Expenditures  for  Different  Pur- 
poses, Distributed  by  Governmental  Units  Where 
Expenditures  Were  Made. 

Table  15. — Payments  for  debt  service,  in  1932 


Unit  of  government 


State: 

Total  amount 

Per -capita  amount 

Manchester: 

Total  amount.. 

Per-capita  amount. 

Balance  of  State: 

Total  amount 

Per-capita  amount 

All  governmental  units: 

Total  amount 

Per-capita  amount.. 


Principal        Interest 


$2,  115,000 
.  4.54 

739, 700 
9.63 

1, 476, 400 
3.80 


4, 331, 100 
9.31 


$296,  900 
0.64 

288,000 
3.75 

548,  400 
1.41 


1,  133,300 
2.43 


Total 


$2,411,900 
5.18 

1, 027, 700 
13.38 

2,  024,  800 
5.21 


5, 464, 400 
11.74 


HIGHWAY   EXPENDITURES  NEARLY  $20  PER  CAPITA 

The  total  expenditure  by  all  units  of  government  for 
all  purposes  in  1932  was  $28,298,000,  equal  to  $60.82 
per  capita.  Table  16  shows  that  the  largest  amount 
per  capita,  $21.21,  was  for  public  benefit.  The  amount 
spent  for  this  purpose  was  $9,867,000,  or  34.9  percent 
of  the  total.  For  highways  and  streets,  32.3  percent, 
or  $9,129,200,  was  spent;  for  education,  26.9  percent, 
or  $7,624,500;  and  for  government,  5.9  percent,  or 
$1,677,300.  The  total  amount  includes  $1,133,300  of 
interest  payments  on  funded  debt. 

The  State  spent  $10,242,000,  or  36.2  percent,  of  the 
total  expenditures.  Of  this  amount  57.6  percent,  or 
$5,895,100,  was  spent  for  highways  and  streets;  27.9 
percent,  or  $2,855,500,  for  public  benefit;  12.3  percent, 
or  $1,263,900,  for  education;  and  2.2  percent,  or 
$227,700,  for  government. 

The  $4,331,100  of  principal  payments  is  excluded,  as 
it  represents  repayments  of  funds  charged  as  expendi- 
tures in  previous  years. 


Table  16. — Classification  of  the  total  expenditures  in  1932  by  the 
Stale,  the  counties,  and  the  local  units  of  government,  and  per- 
capita  expenditures  by  purpose 


Expended  by- 


State _. 

Counties 

Rural  areas... 

Places  to  2,499 

Places  2,500  to  14,999. 
Places  15,000  to  74,999 
Manchester 

Total..- 


Total  expenditure 


Amount 


$10,242,200 
2,166,300 
4,659,900 
2,336,200 
3,601,400 
2,854,700 
2,437,300 


28,298,000 


Per- 
cent 


36.2 
7.6 

16.5 
8.3 

12.7 

10.1 
8.6 


100.0 


Per-capita  expenditures  for— 


High- 
ways 
and 
streets 


$12.67 


14.12 
1.41 
5.00 
6.58 
4.70 


Edu- 
cation 


$2.  72 


19.62 


15.18 
15.54 
12.84 
13.17 
11.06 


16.  39 


Public 
benefit 


$6.  13 
4.41 
6.43 
9.50 
11.49 
14.42 
13.54 


21.21 


Gov- 
ern- 
ment 


$0.49 
.  25 
3.02 
2.60 
3.10 
3.04 
2.42 


Total 


3.60 


$22. 01 
4.66 
38.75 
29. 05 
32.43 
37.21 
31.  72 

60.  82 


Table   17. 


-Comparison   of  expenditures   by   governmental   units 
for  various  purposes 


distribution  by  purpose 


Expended  by- 

Highways 
and  streets 

Educa- 
tion 

Public 
benefit 

Govern- 
ment 

All  pur- 
poses 

State 

Percent 
57.6 

Percent 
12.3 

Percent 
27.9 
94.7 
16.6 
32.7 
35.4 
38.7 
42.7 

Percent 
2.2 

5.3 
7.8 
9.0 
9.6 

8.  2 
7.6 

Percent 
100. 0 

Counties 

100.0 

Rural  areas .. 

36.4 

4.x 
15.4 
17.7 
14.8 

39.2 
53.5 
39.6 
35.4 
34.9 

100.0 

Places  to  2,499 

100.0 

Places  2,500  to  14,999 

Places  15,000  to  74,999 

100.0 
100.0 
100.0 

Total. 

32.  3 

26.9 

34.9 

5.9 

100.0 

DISTRIBUTION  BY  GOVERNMENTAL  UNIT 


State _.- 

64.6 

16.6 

28.9 
20.8 
7.8 
7.8 
12.9 
11.2 
10.6 

13.6 
6.8 
21.6 
12.5 
20.5 
13.9 
11.1 

36.2 

7.6 

Rural  areas 

Places  to  2,499 

18.6 
1.2 
6.1 
5.5 
4.0 

23.9 
16.4 
18.7 
13.3 

11.1 

16.5 
8.3 

Places  2,500  to  14,999 

Places  15,000  to  74,999.. 

Manchester 

12.7 
10.1 
8.6 

Total.. -. 

100.0 

100.0 

100.0 

100.0 

100.0 

The  counties,  which  are  of  relative  unimportance 
from  the  standpoint  of  total  expenditures,  expended 
only  $2,166,300,  nearly  all  of  which  was  for  public 
benefit.  No  expenditures  were  made  by  the  counties 
for  education  or  for  highways  and  streets. 

The  rural  areas  spent  $4,659,900,  or  approximately 
16.5  percent  of  all  expenditures  made  in  the  State. 
Almost  40  percent  of  this  amount  was  expended  for 
educational  purposes  and  more  than  36  percent  wTas 
for  highways. 

A  large  amount  of  the  $11,229,600  expended  by  the 
urban  areas  was  for  public  benefit.  The  per-capita 
expenditures  for  this  purpose  ranged  from  $9.50  to 
$14.42.  The  per-capita  expenditure  for  highways  and 
streets  in  the  urban  places  was  much  less  than  in  the 
rural  areas.  Expenditures  for  government  were  fairly 
uniform  throughout  all  localities. 

Table  17  shows  data  on  expenditures  made  by  each 
unit  of  government  for  the  various  purposes.  The  top 
half  of  this  table  divides  the  expenditures  made  by  each 
governmental  agency  according  to  the  purpose  for 
which  it  was  made.  The  bottom  half  of  the  table 
divides  the  expenditures  for  each  purpose  according  to 
the  amount  expended  by  each  unit  of  government. 

To  allocate  the  expenditures  as  finally  made  in  the 
rural  and  urban  areas,  it  was  necessary  to  distribute 
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the  State  and  county  ex- 
penditures as  made  for  the 
residents  in  these  terri- 
tories. 

Table  18  and  figure  7 
show  these  data  on  a  per- 
capita  basis.  It  is  appar- 
ent that  the  total  per-cap- 
ita  cost  of  the  activities 
carried  on  by  and  in  gov- 
ernmental units  was  less 
in  urban  than  in  rural 
areas.  This  is  contrary  to 
the  condition  usually  found 
in  other  States.  The  met- 
ropolitan areas  with  their 
expensive  public  services 
necessary  to  the  welfare 
of  large  numbers  of  people 
living  in  a  small  territory 
usually  have  a  higher  per- 
capita  public  cost  than  in 
places  where  the  public 
demands  are  less  intense. 
In  general  this  was  also 
true  of  New  Hampshire, 
but  the  total  was  affected 
by  the  heavy  State  high- 
way expenditures  in  the 
rural  areas.  Although 
these  funds  were  expended 
outside  of  urban  places, 
they  were  a  benefit  to  the 
entire  traveling  public  of 
the  State  and  should  not 
be  construed  as  a  subsidy 
to  the  place  where  spent. 

tHIGHWAY   AND  STREET 
EXPENDITURES    ANALYZED 

In  1932,  $9,129,200  was 
expended  upon  all  high- 
ways and  streets  in  New 
Hampshire.  Of  this,  $6,- 
798,300,  or  74.5  percent, 
was  spent  in  rural  areas 
and  $2,330,900,  or  25.5  per- 
cent, in  urban  areas.  These 
were  the  actual  current  ex- 
penditures for  1932,  in- 
cluding interest  upon  in- 
debtedness, but  not  pay- 
ment of  principal  on  the 
highway  debt.  It  is  par- 
ticularly important  to  exclude  the  payment  of  principal 
on  debt,  otherwise  a  duplication  of  cost  items  results. 
It  is  also  necessary  to  avoid  duplication  of  expenditures 

Table    18.- — -Comparison   of  per-capita   expenditures  by   purpose 
and  by  classes  of  local  units  where  the  expenditures  were  made 


RELATIONS  BETWEEN  HIGHWAY  TAXES 
PAID,  HIGHWAY  EXPENDITURES,  AND 
TRAVEL 

There  were  11,750  miles  of  rural  highways 
in  New  Hampshire  in  1932.  The  State  high- 
way system  consisted  of  3,033  miles,  divided 
into  1,596  miles  of  State  highways  and  1,437 
miles  of  State-aid  roads.  There  were  8,717 
miles  of  local  roads  and  561  miles  of  urban 
streets. 

The  total  travel  (exclusive  of  that  performed 
by  vehicles  owned  by  nonresidents)  on  all 
highways  and  streets  in  New  Hampshire  dur- 
ing the  year  1932  was  approximately  774 
million  vehicle-miles,  of  which  23.8  percent 
was  performed  by  vehicles  of  rural  ownership; 
21.6  percent  by  vehicles  owned  in  incorporated 
places  having  a  population  to  2,499;  25.6  per- 
cent by  vehicles  owned  in  places  of  2,500  to 
14,999  population;  14.2  percent  by  vehicles 
owned  in  places  of  15,000  to  74,999  population; 
and  14.8  percent  by  vehicles  owned  in  Man- 
chester. 

Expenditures  on  State  highways  in  1932 
were  $3,461,100;  on  the  State-aid  system, 
$2,723,200;  on  the  local  town  roads,  $1,409,500; 
and  on  urban  streets,  $1,535,400. 

Of  the  total  property  taxes  expended  on  all 
roads  and  streets,  11.5  percent  was  expended 
on  State  and  State-aid  highways,  38.8  percent 
on  the  local  town  roads,  and  49.7  percent  on 
urban  streets. 

Of  the  total  motor-vehicle  taxes,  including 
nonresident  fees,  expended  on  all  highways 
and  streets,  40.9  percent  was  expended  on 
State  highways;  55.2  percent  on  State-aid 
roads;  3.9  percent  on  the  local  town  roads;  and 
none  on  urban  streets. 

Of  the  total  of  all  taxes  and  imposts  expended 
on  all  roads  and  streets,  rural  property  and 
motor-vehicle  owners  paid  32  percent,  and 
travel  by  rural  vehicles  made  up  23.8  percent 
of  the  total  travel  on  all  roads  and  streets; 
property  and  motor- vehicle  owners  in  urban 
areas  paid  61.8  percent,  and  travel  by  urban 
vehicles  made  up  76.2  percent  of  the  total 
travel.  Out-of-State  residents  contributed  6.2 
percent  of  the  imposts.  The  amount  of  travel 
they  performed  is  unknown. 


Expended  in- 

Highways 
and  streets 

Educa- 
tion 

Public 
benefit 

Govern- 
ment 

Total 

Rural  areas 

Places  to  2,499 

$56.  53 
4.72 
8.02 
8.37 
5.46 

$17.91 
18.  25 
15.52 
15.92 
13.78 

$16.68 
20.00 
21.33 
26.04 
24.54 

$3.  75 
3.35 
3.85 
3.80 
3.08 

$94.  87 
4li.  32 

Places  2,500  to  14,999 

Places  15,000  to  74,999 

Manchester 

48.  72 
54  13 
46.  86 

Average  for  State 

19.62 

16.39 

21.21 

3.60 

60.82 

caused  by  the  transfer  of 
funds  from  one  govern- 
mental unit  to  another. 
The  highway  and  other 
cost  figures  in  this  report 
are  the  actual  current  costs 
with  all  duplications  elimi- 
nated. 

On  the  class  1  roads, 
$3,278,500  was  expended 
in  1932.  This  was  exclu- 
sive of  interest  payments 
on  funded  debt.  Of  this 
amount  $1,092,600  was 
spent  for  construction, 
$1,396,000  for  mainte- 
nance, and  $189,900  for 
departmental  overhead. 
Of  the  total,  $2,827,300, 
or  86.2  percent,  was  ex- 
pended in  rural  areas. 

New  Hampshire  follows 
the  policy  of  paying  for 
the  cost  of  its  trunk  high- 
ways out  of  user  revenues 
and  for  this  purpose  de- 
rives funds  primarily  from 
gasoline  taxes  and  license 
fees.  In  addition,  $1,000,- 
000  from  bond  sales  and 
$371,400  of  Federal-aid 
funds  were  available  for 
the  1932  program.  After 
paying  the  cost  of  adminis- 
tration, the  proceeds  from 
the  3-cent  gasoline  tax 
and  the  license  fees  are  for 
use  by  the  State  highway 
department.  The  net  sum 
so  designated  was  $3,755,- 
300,  of  which  $1,493,300, 
or  almost  40  percent,  was 
used  upon  the  State  trunk- 
line  highway  system. 

Upon  the  class  2  or 
State-aid  roads,  $2,723,200 
was  expended,  [of  which 
$1,605,100  was  for  con- 
struction, $998,000  for 
maintenance,  and  $120,- 
100  for  overhead.  Of  the 
$1,605,100  spent  for  con- 
struction, $937,800  was 
for  the  emergency  construction  program. 

The  interest  charges  incidental  to  the  State  road 
systems  were  $182,600.  The  total  cost  of  the  State 
road  systems,  therefore,  amounted  to  $6,184,300. 
Table  19  shows  the  construction  and  maintenance 
expenditures  on  the  system. 

The  local  communities  expended  a  total  of  $3,234,100 
upon  all  highway  and  street  programs,  and  of  this 
amount  $2,944,900  was  expended  locally  upon  the 
town  roads  and  streets.  Of  this  total,  $146,600  went 
for  construction,  $2,290,600  for  maintenance,  and 
$507,700  for  general  overhead.  This  is  not  the  com- 
plete overhead  charge,  as  the  amounts  paid  to  the 
local  road  agencies  could  not  be  segregated. 
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Figure  8. — Per-Capita  Taxes  and  Expenditures  in  the 
Several  Classes  of  Local  Units  and  in  the  State  as  a 
Whole. 

Table  19. — Expenditures  for  construction  and  maintenance  on  the 
State  highway  system  in  1932 


Construction 

Maintenance 

Total 

Percent- 
age of 

Highway  system 

Amount 

Per- 
cent 

Amount 

Per- 

eent 

Amount 

Per- 
cent 

total 

construc- 
tion and 
mainte- 
nance 

State  (class  1) 

State  aid  (class  2) . 

$1, 692,  600 
1,  605, 100 

54.8 
61.7 

$1,  396, 000 
998, 000 

45.2 
38.3 

$3, 088, 600 
2,  603, 100 

100.0 
100.0 

54.3 

■15.  7 

Total 

3,  297,  700 

57.9 

2,  394,  000 

42.1 

5, 691,  700 

100.  0 

100.0 

Except  for  a  small  amount  of  State  aid  to  some  of 
the  rural  communities,  the  local  roads  were  financed 
entirely  from  local  revenues.  Even  the  class  4  roads 
on  the  State  numbered  system  in  cities  were  financed 
by  the  places  through  which  they  pass.  New  Hamp- 
shire does  not  have  a  special  property  tax  for  highways. 
All  of  the  public  receipts^are  placed  in  the  common 
fund  from  which  expenditures  for  all  purposes  are  made. 
Therefore,  local  highway  costs  are  met  by  a  tax  on 
property  only  in  the  proportion  that  the  property  tax 
bears  to  the  total  local  receipts. 

The  combined  expenditures  by  the  State  and  local 
governments  for  roads  in  rural  areas  amounted  to 
$6,798,300;  for  highways  and  streets  in  urban  com- 
munities, $2,330,900.  A  comparison*of  these  expendi- 
tures with  the  taxes  imposed  in  the  various  areas  for 
highway  and  street  purposes  is  shown  in  table  20.  The 
figures  on  the  ratio  of  expenditures  to  taxes  do  not 
accurately  portray  the  current  highway  picture,  because 
a  substantial  portion  of  the  taxes  levied  in  1932  was 
not  expended  for  the  1932  highway  program. 

There  was  a  flow  of  revenue  from  the  urban  to  the 
rural  areas.  It  is  not  to  be  inferred  that  such  transfer 
of  funds  is  unwarranted,  nor  that  an  undue  benefit  is 
necessarily  conferred  upon  the  community  where  spent. 
The  highway  funds  are  used  for  constructing  rural 
roads  that  serve  all  of  the  people  in  the  State.  If  the 
roads  so  built  serve  the  transportation  needs  of  residents 
of  urban  communities,  then  logically  the  funds  should 
be  derived  in  due  proportion  from  all  of  the  com- 
munities benefited. 


Table  "20. — Comparison  of  highway  and  street  expenditures  and 
taxes  in  the  several  classes  of  local  units  in  1932 


Class  of  local  unit 

Highway  and  street 
expenditures 

Highway  and  street 
taxes 

Ratio  of 
expendi- 

Amount 

Percent 

Amount 

Percent 

tures  to 
taxes 

Rural  areas. 

Places  to  2,499 

$6,  798,  300 
379,200 
890,500 
641,  600 
419,600 

74.5 
4.1 
9.8 
7.0 
4.6 

$2, 150, 000 
1, 459, 800 
1, 826,  500 
1, 162,  200 
1,113,400 

27.9 

18.9 
L>:f.  7 
15.  1 
14.4 

1:0.3 
1-3,9 

Places  2,500  to  14,999.. 

Places  15,000  to  74,999_ 

Manchester 

1:2.1 
1:1.8 
12  7 

Total.. 

9, 129,  200 

100.0 

7,711,900 

100.0 

1'0  8 

TOTAL  EXPENDITURES  EXCEED  TAXATION  BY  $3.65  PER  CAPITA 

Table  21  and  figure  8  indicate  that  there  is  a  flow  of 
funds  to  the  less  populous  areas.  The  per-capita 
expenditures  in  the  rural  areas  exceeded  the  per- 
capita  taxation  by  $38.57.  The  expenditures  in  the 
urban  areas,  on  the  other  hand,  were  less  than  taxes. 

The  amount  of  imposts  received  and  expenditures 
made  do  not  balance,  primarily  because  of  the  effect 
of  financing  current  costs  from  borrowings,  balances, 
and  reserves.  Taxes,  therefore,  always  lag  behind 
expenditures. 

Tables  22,  23,  and  24  give  rather  comprehensive 
figures  that  make  possible  many  comparisons  concern- 
ing the  flow  of  funds  between  urban  and  rural  com- 
munities. For  example,  referring  to  tables  22  and  23, 
$11,409,500  was  expended  in  the  rural  areas  by  all 
governmental  agencies,  wliile  the  rural  areas  paid 
$6,769,900  in  taxes.  The  per-capita  expenditure  in 
rural  areas  was  $94.87,  while  the  per-capita  tax  paid 
was  $56.30.  Of  the  total  expenditure  in  rural  areas, 
40.8  percent  was  made  by  the  local  town  governments, 
and  59.2  percent  in  or  for  the  towns  by  the  State  and 
counties,  primarily  for  highway  purposes.  This  indi- 
cates a  large  flow  of  funds  for  highway  purposes  from 
the  urban  communities  to  the  rural  communities,  the 
State  and  county  spending  $5,099,600,  in  the  rural  areas 
while  these  same  areas  contributed  but  $1,018,200. 

Table  25  shows  the  relations  between  governmental 
units  and  population,  motor-vehicle  ownership,  prop- 
erty valuation,  taxes  paid,  and  expenditures  made  in 
1932. 

Table  21. — Comparison  of  per-capita  properly  valuation,  taxation, 
and  expenditures  in  1932,  in  the  various  classes  of  local  units 
and  in  the  entire  State 


Unit  of  government 

Per-capita 
property 
valuation 

Per-capita 
taxation 

Per-capita 
expend- 
itures 

Ratio  of  ex- 
penditures 

to  taxation 

$1, 524 
1,185 
1,250 
1,301 
1,382 

$56. 30 
56.69 
58.16 
58.79 
55.98 

$94.87 
46.  32 
48.72 
54.13 
46.86 

1:0.6 

Places  to  2,499..                    -. 

1:1.2 

Places  2,500  to  14,999  .. 

1:1.2 

Places  15,000  to  74,999 

1:1.1 

1:1.2 

1,340 

57.17 

60.82 

1  0.9 

SOURCES  OF  FUNDS  SPENT  ON  HIGHWAYS  AND  STREETS  ANALYZED 

The  sources  of  revenue  for  expenditure  on  the  various 
highway  and  street  systems,  classified  both  by  agency 
providing  the  funds  and  by  type  of  fund,  are  shown  iu 
table  26.  Of  the  $9,129,200  spent  on  all  highways  and 
streets  in  the  State,  4.1  percent,  or  $371,400,  was  pro- 
vided by  Federal  aid,  all  of  which  was  expended  on  the 
State  highways.     The  State  provided  62.2  percent  of 
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Table  22. — Classification  of  all  taxes  as  levied  against  and  paid  by  residents  of  rural  and  urban  areas 

Tax-levying  agency 

Area  and  type  of  impost 

Loci 

tl  governments 

State  and  county  governments 

All  governments 

Amount 

Percent 

Amount 
per  capita 

Amount 

Percent 

Amount 
per  capita 

Amount 

Percent 

Amount 
per  capita 

Rural  areas: 

Property . 

$3,557,400 
596, 100 

85.6 
14.4 

$29. 58 
4.96 

$723, 000 
1,893,400 

27.6 
72.4 

$8.01 
15.74 

$4, 280, 400 
2,489,500 

63.2 
36.8 

$35  59 

Other 

20  70 

Total. 

4, 153, 500 

100.0 

34.54 

2,616,400 

100.0 

21.75 

6,769,900 

100.0 

56  29 

Urban  areas: 

Property      

10,288,400 
2, 145, 000 

82.7 
17.3 

29.82 
6.22 

1,774,100 
5, 621, 800 

24.0 
76.0 

5.14 
16.29 

12, 062, 500 
7, 766, 800 

60.8 
39.2 

34  96 

Other 

22  51 

Total    - 

12, 433, 400 

100.0 

36.04 

7,395,900 

100.0 

21.43 

19, 829, 300 

100.0 

57  47 

Entire  State: 

Property     -  _  ... 

13,845,800 
2, 741, 100 

83.5 
16  5 

29.76 
5.89 

2, 497, 100 
7, 515, 200 

24.9 
75.1 

5.37 
16.15 

16,342,900 
10, 256, 300 

61.4 
38.6 

35  13 

Other .- 

22  04 

Total -.- - 

16, 586, 900 

100.0 

35.65 

10, 012, 300 

100.0 

21.52 

26. 599, 200 

100.0 

57  17 

Table  23. — Classification  of  total  expenditures  by  purpose  as  made  by  all  units  of  government 


Unit  of  government 

Area  and  purpose 

Local  governments 

State  and  county  governments 

All  governments 

Amount 

Percent 

Amount 

per 
capita 

Amount 

Percent 

Amount 

per 
capita 

Amount 

Percent 

Amount 
per 

capita 

Rural  areas: 

$1, 698,  700 

1, 825, 000 

773,  100 

363, 100 

36.4 

39.2 

16.6 

7.8 

$14. 12 
15.18 
6.43 
3.02 

$5, 099, 600 

328,300 

1, 233, 200 

88, 500 

75.5 
4.9 

18.3 
1.3 

$42.41 

Z73 

10.25 

.73 

$6,  798, 300 

2,  153, 300 

2, 006, 300 

451,600 

59.6 
18.9 
17.6 
3.9 

$56.  53 

Education . . . 

17.91 

Public  benefit 

16.68 

Government .. .. 

3.75 

Total 

4, 659,  900 

100.0 

38.75 

6,  749,  600 

100.0 

56.12 

11,409,500 

100.0 

94.87 

Urban  areas: 

1,  535, 400 

4,  535,  600 

4, 186,  300 

972,  300 

13.7 
40.4 
37.3 
8.6 

4.45 
13.15 
12.13 

2.82 

795,  500 

935,600 

3,674,400 

253,400 

14.  1 

16.5 

64.9 

4.5 

2.31 

2.71 

10.65 

.73 

2, 330. 900 
5, 471,  200 
7,  860,  700 
1,  225,  700 

13.8 

32.4 

46.5 

7.3 

6.76 

Education . 

15.86 

22.  78 

3.55 

Total 

11,229,600 

100.0 

32.55 

5,  658,  900 

100.0 

16.40 

16,  888,  500 

100.0 

48. 95 

Entire  State: 

Highways  and  streets.   

3,  234, 100 
6, 360,  600 
4,959,400 
1.335,400 

20.4 
40.0 
31.2 

8.4 

6  95 

13.67 
10.  66 
2.87 

8, 895,  100 

1,263,900 

4,  907,  600 

341,900 

47.5 

10.2 

30.  5 

2.8 

12.67 

2.72 

10.  55 

.73 

9,  129,200 
7,  624,  500 
9, 867, 000 
1, 677, 300 

32.3 
26.9 
34. 9 

5.9 

19.62 

ICducation ..   

16.  39 

Public  benefit .. 

21.21 

3.  60 

Total 

15,  889,  500 

100.0 

34.15 

12,  408,  500 

100.0 

26.67 

28.  298,  000 

100.0 

60.82 

Table  24. — Classification  of  taxes  used  for  highway  oml  street  purposes  as  levied  against  and  paid  by  residents  of  rural  and  urban  areas 


Tax  levying  agency 

Area  and  type  of  impost 

Local  governments 

State  and  county  governments 

All  government 

s 

Amount 

Percent 

Amount 
per  capita 

Amount 

Percent 

Amount 
per  capita 

Amount 

Percent 

Amount 
per  capita 

Rural  areas: 

Property .   

$978,  400 
153,  400 

86.4 
13.0 

$8.14 
1.27 

$978, 400 
1,171,600 

45.5 
51.5 

$8.  14 

Other 

$1, 018, 200 

100.0 

$8.47 

9.74 

Total 

1,131,800 

100.  0 

9.41 

1,018,200 

100.0 

8.47 

2, 150, 000 

100.  0 

17.88 

Urban  areas: 

Property 

1, 887, 400 
426,  100 

81.6 

18.4 

5.47 
1.24 

1,  887,  400 
3,  674,  500 

33.9 
66.1 

5.47 

Other.. __ _ 

3, 248, 400 

100.0 

9.41 

10.65 

Total 

2, 313,  500 

100.0 

6.71 

3, 248, 400 

100.0 

9.41 

5, 561, 900 

100.0 

16.12 

Entire  State: 

2,8fi.V  Mm 
579,  500 

83.  2 

16.  8 

6.  16 
1.24 

2, 865, 800 
4,846,100 

37.2 
62.8 

6.10 

Other. 

4,  266,  600 

100.0 

9.17 

10.41 

Total 

3,  145,300 

100.0 

7.  10 

4,266,600 

100.0 

9   17 

7,711,900 

lull,  0 

16.  57 
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Figure  9.—  Distribution  of  Total  Expenditures  for  High- 
ways and  Streets,  Showing  Sources  of  Funds. 

Table  25. — Distribution  of  population,  motor-vehicle  ownership, 
property  valuation,  tares  paid,  and  expenditures  made  in  the 
several  classes  of  local  governmental  units  in  1932 


Unit  of  government 


Rural  areas 

Places  to  2,4«y 

Places  2,500  to  14,990 
Places  15,000  to  74.99S 
Manchester ... 


Total. 


Popula- 
tion 


Percent 
25.8 
17.3 
23.  9 
Ifi.  5 
10.5 


100.  0 


Motor- 
vehicle 
owner- 
ship 


Percent 

25.  8 
'."J.  0 
20.2 
1 3.  4 
12.0 


100. 0 


Property 
valua- 
tion 


Percent 
29.  I 
15.3 
22.  3 
10.0 
17.0 

inn  n 


Taxes 
paid 


Percent 
25.4 
17.  1 
24.  3 
17.0 
1 6.  2 

100.0 


Expendi- 
tures 
made 


Percent 
40.3 
13.2 
19.  1 

11.7 
1 2.  7 

100.  0 


the  money  expended  on  highways  and  streets.  The 
remainder,  $3,072,900,  was  furnished  by  the  local 
governments. 

Only  $1,535,400  of  current  taxes  was  expended  by 
the  urban  areas  for  the  highway  program  in  1932, 
although  the  total  taxes  levied  in  1932  for  highway 
purposes  by  these  communities  amounted  to  $2,313,500. 
The  reasons  for  the  difference  between  the  taxes  levied 
and  the  expenditures  made  for  the  current  highway 
program  were: 

1 .  Additional  levies  were  needed  to  meet  the  principal 
payments  due  on  more  than  $3,500,000  of  municipal 
highway  indebtedness.  These  payments  are  not  in- 
cluded in  the  definition  of  expenditures  used  in  these 
studies. 

2.  Taxes  for  streets  in  the  municipalities  included 
levies  for  purposes  that  are  not  included  in  our  defini- 
tion of  highways,  such  as  street  lighting  and  street 
cleaning. 

3.  Tax  delinquency  caused  a  difference  between  the 
amount  levied  and  the  amount  collected. 


Table  26. — Funds  expended  on  highways  and  streets  in  1982,  ami 
the  approximate  amounts  and  percentages  of  these  funds  pro- 
vided by  imposts  made  by  the  various  governmental  units,  and 
by  loan  and  reserve  funds 


Governmental  agency  providing  funds 

Per- 
centage 
of  total 
current 

tax- 
funds 

Per- 

Highway system  and 
form  of  revenue 

Federal 
Govern- 
ment 

State 

Local 
govern- 
ments 

Total 

cent- 
age of 
total 
funds 

State  road  system: 
State  highways: 
Loans  or  reserves 

$371,400 

$1,402,000 
$1,675,900 

$1,  402, 000 
$2, 059.  100 

Pet. 

Pet. 

Current  taxes 

$11,800 

27.7 

Total 

$371,  400 
10.7 

$3,  077,  900 
88.9 

$11,800 
0.4 

$3,  461, 100 
100.  0 

37  9 

Percentage    distribu- 
tion  

State-aid  roads: 
Loans  or  reserves 

$183,  800 
$2, 262, 000 

$183, 800 
$2,  539, 400 

Current  taxes _.. 



$277, 400 

34.2 

Total 

$2, 445, 800 

Vt  S 

$277,  400 
10.2 

$2,  723,  200 
100.0 

29  8 

Percentage    distribu- 

Entire  State  system: 
Loans  or  reserves 

$1,  585, 800 
$3,  937,  900 

$1, 585, 800 
$4, 598,  500 

Current  taxes 

$371,400 

$289, 200 

61.9 

Total 

$371,400 
6.0 

$5, 523, 700 
89.3 

$289, 200 
4.7 

$6, 184,  300 
100.  0 

07  7 

Percentage    distribu- 
tion  

Local  rural  roads: 
Loans  or  reserves  . 

$116, 500 
$1, 131, 800 

$116,  500 
$1,  293, 000 

Current  taxes    . 

$161,200 

17.4 

Total 

$161,200 
11.4 

$1, 248, 300 
88.6 

$1,  409,  500 
100.0 

15  5 

Percentage    distribu- 
tion   

Urban  streets: 
Loans  or  reserves 

Current  taxes    .    

i  $1, 535, 400 

$1, 535, 400 

20.7 

Total  . 

$1,  535, 400 
100.0 

$1,535,400 
100.0 

16.8 

All  highways  and  streets: 

$1,585,800 
$4, 099,  100 

$116,500 
$2,  956,  400 

$1, 702, 300 
$7, 426.  900 

Current  taxes 

$371, 400 

100.0 

Total 

$371,400 
4.] 

$5,  684,  900 
62.2 

$3,  072,  900 
33.7 

$9,  129,  200 
100.  0 

100  0 

i  Total  taxes  levied  for  highways,  $2,313,500:  only  $1,535,400  needed  for  current 
highway  program. 


Tabic 


and  figure  9  show  the  sources  of  revenue 


expended  for  highways  ami  streets  by  type  of  impost 
and  the  amounts  contributed  for  each  of  the  systems 
by  the  residents  of  the  rural  and  urban  areas.  The 
imposts  on  motor-vehicle  owners  include  only  license 
fees,  gasoline  taxes,  and  miscellaneous  motor-vehicle 
imposts.  It  was  impossible  to  segregate  the  proceeds 
from  the  permit  fees  used  for  highways.  This  amount, 
$91,000,  is  included  in  the  other  imposts  used  for  local 
roads  and  streets. 

Table  28  is  a  summary  of  the  taxes  and  expenditures 
in  New  Hampshire  in  1932  based  on  data  presented 
previously  in  this  report.  The  $1,000  unit  is  not 
identical  for  taxes  and  expenditures.  To  balance  the 
tabulation  exactly  it  would  be  necessary  to  include  the 
proceeds  from  bonds  and  loans  under  taxes  and  principal 
payments  under  expenditures.  The  complete  figures 
for  such  a  presentation  are  not  available.  The  table 
gives  a  helpful  picture,  however,  of  the  relations  be- 
tween money  received  from  imposts  and  the  actual 
expenditures  for  the  various  purposes. 

SUMMARY 

1.  Only  4.7  percent  of  the  funds  expended  on  State 
and  State-aid  roads  was  raised  from  taxes  on  property. 

2.  Rural  property  owners  paid  no  tax  for  urban 
streets. 
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Table  27. —  Amounts  of  the  1982  taxes  and  imposts  expended  on  the  current  highway  program,  listed  accoiding  to  highway  system,  type 

of  tax,  and  class  of  local  unit  in  which  the  lax  ivas  paid 

IMPOSTS  ON  GENERAL  PROPERTY 


Highway  system 

Paid  by  taxpayers  in— 

State  roads 

State-aid  roads 

Local  town  roads 

Urban  streets 

All  highways  and 
streets 

Percent- 
age of 
total 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

$10, 100 

0.8 

$233, 500 

300 

18, 600 

25, 000 

19.1 

.3 

4.0 

5.6 

$978. 400 

80.1 

$1, 222, 000 
93, 300 
403, 400 
448, 200 
293,  500 

100.0 
100.0 
100.0 
100.0 
100.0 

48  5 

Places  to  2,499 

$93, 000 
443, 100 
423, 200 
293, 500 

99.7 
95.6 
94.4 
100.0 

3  7 

Places  2,500  to  14,999 

1,700 

.4 

18  4 

Places  16,000  to  74,999 

17  8 

11.6 

Total 

11,800 

.5 

277, 400 

11.0 

978, 400 

38.8 

1, 252, 800 

49.7 

2, 520, 400 

100.0 

100  0 

IMPOSTS  ON  MOTOR  VEHICLES 


358,  200 
319, 000 
386, 700 
218, 800 
207,700 
185,500 

40.7 
40.6 
40.6 
40.8 
40.8 
42.5 

483, 400 
430, 500 
521, 900 
295, 300 
280, 400 
250,500 

54.9 
54.9 
54.8 
55.0 
55.1 
57.5 

39, 300 
35, 100 
43,  400 
22,  600 
20,800 

4.4 
4.5 
4.6 
4.2 
4.1 

880, 900 
784, 600 
952,  000 
536,  700 
508,  900 
436, 000 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

21.5 

Places  to  2, 499 

19.2 

Places  2,500  to  14,999. ..  

23.2 

Places  15,000  to  74,999 

13.  1 

12.4 

10.6 

Total 

1, 675, 900 

40.9 

2, 262, 000 

55.2 

161,  200 

3.9 

4, 099, 100 

100.0 

100.0 

OTHER  IMPOSTS 


153, 400 

100.0 

$153, 400 
20, 100 
112,800 
81, 800 
67, 900 

100.0 
100.0 
100.0 
100.0 
100.0 

35.2 

Places  to  2,499 

20, 100 
112,800 
81,800 
67,900 

100.0 
100.0 
100.0 
100.0 

4.6 

Places  2,500  to  14,999 

26.9 

Places  15,000  to  74,999 

18.7 

15.6 

Total 

153, 400 

35.2 

282,  800 

64.8 

436, 000 

100.0 

100.0 

ALL  IMPOSTS 


Rural  areas 

Places  to  2,499 

Places  2,500  to  14,999. 
Places  15.000  to  74,999 

Manchester 

Nonresident  fees 


Total. 


368, 3(iu 
319, 000 
388,400 
218, 800 
207,  700 
185, 500 


1, 687, 700 


16.3 
35.5 
25.4 
20.5 
23.9 
42.5 


23.9 


716, 900 
430, 800 
540,  500 
320, 300 
280,  400 
250,  500 


2,  539, 400 


31.8 
48.0 
35.4 
30.0 
32.2 
57.5 


36.0 


1, 171, 100 
35, 100 
43,  400 
22,  600 
20,800 


1,293,000 


51.9 
3.9 
2.8 
2.1 
2.4 


18.3 


113, 100 
555,  900 
505,  000 
361,400 


1, 535, 400 


12.6 
36.4 
47.4 
41.5 


2,  256,  300 

898, 000 

1,  528,  200 

1, 066,  700 

870,  300 

436, 000 


'  7.  055,  500 


100. 
100. 
100. 
100. 
100. 
100. 


100.0 


32.0 

12.7 
21.7 
15.1 
12.  3 
6.2 

1010 


OTHER  FUNDS 

371, 400 
1, 402, 000 

100.0 
82.4 

371,  400 
1,  702, 300 

100.0 

100.  0 

183, 800 

10.8 

116, 500 

6.8 

3,461,100 

37.9 

2,  723, 200 

29.8 

1, 409, 500 

15.5 

1,  535,  400 

16.8 

9, 129,  200 

100.0 

i  Does  not  include  costs  of  administering  motor-vehicle  taxes  and  principal  payments  on  highway  debts. 


3.  Of  the  total  tax  on  rural  property  expended  for 
highway  purposes — 

(a)  19.9  percent  was  expended  on  State  and  State- 
aid  roads. 

(b)  80.1  percent  was  expended  on  local  rural  roads. 

4.  Of  the  total  tax  on  urban  property  expended  for 
highway  and  street  purposes — 

(a)  3.5  percent  was  expended  on  State  and  State-aid 
roads. 

(6)  96.5  percent  was  expended  on  urban  streets. 

5.  Since,  of  the  total  assessed  property  valuation  of 
$623,381,700,  29.4  percent,  or  $183,277,500,  was  in 
rural  areas,  and  70.6  percent,  or  $440,104,200,  was  in 
urban  areas — 

(a)  Expenditures  from  property  taxes  for  all  high- 
ways and  streets  were  at  the  following  rates  per  $100 
of  assessed  valuation: 


Rural — 66.7  cents. 
Urban — 29.5  cents. 

(b)  Expenditures  from  property  taxes  for  State  and 
State-aid  roads  were  at  the  following  rates  per  $100  of 
assessed  valuation: 

Rural — 13.3  cents. 
Urban — 1  cent. 

(c)  Expenditures  from  property  taxes  for  local  town 
roads  were  at  the  following  rates  per  $100  of  assessed 
valuation: 

Rural — 53.4  cents. 
Urban — No  tax. 

(d)  Expenditures  from  properly  taxes  for  urban 
streets  were  at  the  following  rates  per  $100  of  assessed 
valuation: 

Rural — No  tax. 
Urban — 28.5  cents. 

(Continued  on  p.  40) 


38 


PUBLIC   ROADS 


Vol.  17,  No.  2 


DIMENSIONS    OF    TESTING    EQUIPMENT 
AFFECT  HUBBARD-FIELD  STABILITY  VALUES 


Reported  by  J.  T.  PAULS,  Senior  Highway  Engineer,  Division  of  Tests,  Bureau  of  Public  Roads ' 


STABILITY  of  bituminous  mixtures  against  shoving 
or  rutting  is  recognized  as  an  important  requirement 
for  satisfactory  road  behavior.  Laboratory  tests  to 
determine  this  quality  of  a  bituminous  mixture  are 
therefore  of  particular  value  in  connection  with  the 
design  and  study  of  bituminous  surfaces. 

Several  types  of  stability  test  are  now  in  use,  one  of 
which  is  the  Hubbard-Field  test.  This  test  has  been 
used  extensively  in  the  Bureau's  laboratory  test  work 
and  has,  in  general,  given  very  satisfactory  results  in 
testing  fine-aggregate  mixtures.  Although  the  test 
has  been  adapted  to  the  testing  of  coarse-aggregate 
mixtures  by  substituting  larger  molding  and  testing 
equipment,  it  has  not  been  so  used  by  the  Bureau. 
This  study  of  the  effect  of  variation  in  the  dimen- 
sions of  molding  and  testing  equipment  is  therefore 
concerned  only  with  the  equipment  used  in  testing 
fine-aggregate  mixtures.  A  working  drawing  of  the 
equipment,  showing  standard  dimensions,  is  shown  in 
figure  l.2 

In  performing  the  Hubbard-Field  stability  test  a 
prepared  cylinder  of  the  mixture  2  inches  in  diameter 
and  1  inch  high  is  forced  through  a  1%-inch  circular 
opening  at  a  fixed  rate  of  speed.  The  load  in  pounds 
required  to  do  this  is  designated  as  the  stability  of  the 
mixture. 

In  some  recent  cooperative  work,  marked  discrepan- 
cies were  found  between  the  stabilities  obtained  on 
certain  mixtures  by  the  Bureau  and  those  obtained  on 
the  same  mixtures  by  the  cooperating  agency.  Investi- 
gation disclosed  that  the  equipment  in  use  in  both 
laboratories  was  worn  and  that  the  discrepancies  were 
caused  by  slight  differences  in  the  dimensions  of  the 
forming  and  testing  molds  and  the  testing  rings.  Since 
no  tolerances  have  ever  been  established  for  this  testing 
equipment,  it  was  decided  to  make  a  study  of  the  effect 
of  slight  variations  in  these  dimensions.  For  this 
purpose,  three  sets  of  equipment  were  made:  One  set 
had  standard  dimensions ;  one  set  was  slightly  undersize; 
and  one  set  was  slightly  oversize.  The  sizes  selected 
are  given  in  table  1 . 

Table  I  .—Dimensions  of  the  three  sets  of  equipment  studied 


Internal  diameter 

External 
diameter 

Equipment 

Forming 
mold 

Testing 
mold 

Testing 
ring 

of  bottom 
plate  of 
plunger 

Undersize 

Standard 

Inches 

2    Nl) 

2.  02 

Inches 
2.00 
2.02 
2.04 

Inches 
1.74 
1.75 
1.76 

Inches 
1.978 

I    'MS 

Oversize 

2.018 

All  of  the  forming  molds  now  in  use  by  the  Bureau 
are  made  of  a  specially  hardened  steel  and  the  testing 
mold  has  a  hardened  steel  lining  to  reduce  wear. 
Figure  2  shows  details  of  this  testing  mold. 

•  Taper  presented  on  Jan.  23,  1936,  at  the  Hireling  of  the  Association  of  Asphalt 
Paving  Technologists  held  in  Cleveland,  Ohio. 

^  See  A  Practical  Method  for  Determining  the  Relative  Stability  of  Fine- Aggregate 
Asphalt.   Paving   Mixtures,   by   Prevost  Hubbard  and  F.  C.  Field.     Proceedings 

A.  S.  T.  M„  vol.  25,  pt.  11. 
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1 

FORMING  MOLD 


PLUNGER 


COMPRESSION 
PLATE 


BOTTOM  PLATE 


Figure  1. — Details  of  Forming  and  Testing  Molds, 
Plunger,  Testing  Ring,  and  Ring  Clamp. 


COLD    ROLLED 
STEEL 


TOOL  STEEL 
HARDENED 
AND  GROUND 


TOOL  STEEL 
HARDENED 

and  ground 
Figure  2.- 


TESTING  MOLD 

WITH  HARDENED 

STEEL  LINING 


TESTING  RING 
""'*    WITH  DISTINCT 
'    &'  VERTICAL  EDGE 


-Suggested  Design  of  Testing  Mold  and  Ring 
to  Reduce  Wear. 


A  modification  in  the  design  of  the  testing  ring  has 
recently  been  recommended  by  Mr.  Hubbard  in  order 
to  reduce  wear.  Rings  of  the  new  type,  the  details 
of  which  are  shown  in  figure  2,  were  used  in  this  study. 
Previous  investigations  by  Mr.  Hubbard  have  indicated 
that  this  change  in  design  does  not  affect  the  test 
results. 

The  investigation  was  confined  to  a  study  of  the 
effect  of  variations  in  the  dimensions  of  the  forming 
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MIX    2 


MIX   3 


2.02  198  2  00  2  02 

DIAMETER  OF  SPECIMENS  -  INCHES 


1-96 


x   UNDERSIZE    TESTING  MOLD   200  INCHES  o    STANDARD    TESTING  MOLD    2  02  INCHES 

o    OVERSIZE     TESTING    MOLD    Z  C  INCHES 

Figure  3. — Effect  of  Specimen  Diameter  Upon  the  Sta- 
bility of  Specimens,  Using  Standard  Ring  and  Different 
Size  Testing  Molds. 

mix  i  mix  2  mix  } 


'•00 


250 


J                < 

^ 

2.00  2  02  2.04  2  00  2  02  2  04  2  00  2  02  2  04 

DIAMETER  OF  TESTING  MOLDS-  INCHES 

x    OVER-SIZE  SPECIMEN  2.02  INCHES  o     STANDARD  SPECIMEN  2  00  INCHES 

o    UNOER-SIZE  SPECIMEN   I  98  INCHES 

Figure  4. — Effect  of  Testing  Mold  Diameter  Upon  the 
Stability  of  Different  Size  Specimens,  Using  Standard 
Ring  and  Different  Size  Cylinders. 

mold,  the  testing  mold,  and  the  testing  ring.  The 
bottom  plates  of  the  plungers  were  of  different  sizes 
but  the  study  did  not  involve  this  variable.  In  form- 
ing the  specimens  the  plunger  used  corresponded  to  the 
size  of  the  forming  mold,  and  in  testing  the  specimens 
the  plunger  used  corresponded  to  the  size  of  the  testing 
mold. 

Stability  test  values  were  obtained  on  three  mixtures. 
Mix  1  consisted  of  7.4  percent  slow-curing  liquid 
asphalt,  grade  SC-3,  and  92.6  percent  Potomac  River 
sand.  Mix  2  contained  7.4  percent  slow-curing  liquid 
asphalt,  grade  SC-3,  14.0  percent  limestone  dust,  and 
78.6  percent  Potomac  River  sand.  Mix  3  contained 
11  percent  50-60  penetration  asphalt,  13  percent  lime- 
stone dust,  and  76  percent  Potomac  River  sand. 
Each  cylinder  was  molded  under  a  pressure  of  3,000 
pounds  per  square  inch,  and  the  pressure  was  released 
immediately  after  the  cylinder  was  formed.  Mixes  1 
and  2  were  compressed  at  room  temperature,  and  mix  3 
at  300°  F.  Mixes  1  and  2  were  tested  in  air  at  77°  F., 
and  mix  3  in  water  at  140°  F.  after  being  in  a  water 
bath  at  140°  F.  for  1  hour.  All  of  the  specimens  of  each 
mixture  were  made  and  tested  in  the  same  manner  to 


1000 

^ 

\ 

500 
250 

—  ? 

174  175  176  174  175  176  174 

DIAMETER  OF  TESTING  RINGS  -  INCHES 
x     OVER-SIZE  SPECIMEN        o      STANDARD  SPECIMEN  o     UNOER-SIZE  SPECIMEN 

Figure  5. — Effect  of  Testing  Ring  Diameter  Upon  the 
Stability  of  Specimens  Tested  in  Molds  Giving  0.02-inch 
Clearance. 

Table  2.— Hubbard- Field    stability    values    using    different    size 
molds  and  testing  rings 


Diameter  of 

forming  mold 

and  specimen 

(inches) 

to 
q 
*n 

*o 

i- 

m 

a 

CO 

S 

Stability  of  mix 

1,'  using  testing 

molds  of— 

Stability  of  mix 

2,1  using  testing 

molds  of— 

Stability  of  mix 

3,1  using  testing 

molds  of— 

2.00- 
inch 
diam- 
eter 

2.02- 
inch 
diam- 
eter 

2.04- 
incb 
diam- 
eter 

2.00- 
inch 
diam- 
eter 

2.02- 
inch 
diam- 
eter 

2.04- 
inch 
diam- 
eter 

2.00- 
inch 

diam- 
eter 

2.02- 
inch 
diam- 
eter 

2.04- 
inch 
diam- 
eter 

1.98 

In. 
[1.74 
U.75 
U.76 
(1.74 
p.  75 
(1.76 
1.74 
M.  75 
U.76 

Lbs. 

590 
520 
510 

Lbs. 
360 
330 
320 
570 
540 
530 

Lbs. 
260 
240 
210 
460 
420 
370 
600 
620 
540 

Lbs. 

1,070 
980 
930 

Lbs. 
550 
490 
440 
910 
880 
800 

Lbs. 
480 
450 
420 
740 
660 
610 
1,070 
1,010 
950 

Lbs. 

2,775 
2,500 
2,425 

Lbs. 
2,275 
2,325 
2,100 
2,775 
2,775 
2,400 

Lbs. 

2,300 

2,425 

2.00 

2,275 
2,700 
2,725 

2,675 
3,000 

2.02. 

3,100 

2,900 

i  Tested  in  air  at  77°  F. 
«  Tested  in  water  at  140°  F. 

insure  uniformity.  The  results  are  given  in  table  2 
and  are  shown  graphically  in  figures  3,  4,  and  5.  All 
values  are  the  averages  of  three  tests. 

Different  combinations  of  molding  and  testing 
equipment  gave  stability  values  ranging  from  210  to 
620  pounds  for  mix  1,  from  420  to  1,070  pounds  for 
mix  2,  and  from  2,100  to  3,100  pounds  for  mix  3. 

Figure  3  shows  the  effect  upon  stability  of  varying 
the  diameter  of  the  specimens  using  the  standard  ring 
and  the  3  different  sizes  of  testing  molds.  It  is  seen 
that  with  a  particular  testing  mold  the  stability 
increases  as  the  diameter  of  the  specimen  increases. 

Figure  4  shows  the  effect  upon  stability  of  varying 
the  diameter  of  the  testing  mold  using  the  standard 
ring  and  the  3  different  sizes  _  of  specimens.  For 
mixes  1  and  2  the  larger  the  testing  mold  for  a  given 
size  of  specimen  the  less  the  stability.  For  mix  3  (the 
hot  sheet  asphalt  mixture)  there  is  the  same  general 
trend  but  to  a  much  less  degree,  indicating  that  for 
mixtures  of  this  type  the  diameter  of  the  specimen  (as 
shown  in  figure  3)  is  more  important  than  the  diameter 
of  the  testing  mold.  The  difference  in  behavior  of 
mix  3  is  probably  caused  by  the  greater  stiffness  or 
stability  of  the  hot-type  mixture  and  its  greater 
ability  to  withstand  deformation  without  rupture. 
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Figure  5  shows  the  effect  of  varying  the  size  of  the 
testing  ring  upon  the  stability  of  the  three  different 
sizes  of  specimens  tested  in  molds  having  a  clearance 
of  0.02  inch.  It  is  seen  that,  generally,  the  larger  the 
testing  ring  the  less  the  stability  value. 

The  results  obtained  in  this  study  show  that  it  is 
highly   important   to    have   and    maintain   standard- 


dimensioned  equipment.  The  forming  and  testing 
mold  and  the  testing  ring,  which  wear  appreciably, 
should  be  checked  frequently  and  replaced  when  there 
are  appreciable  differences  from  standard  dimensions. 
It  may  be  practical  to  reduce  wear  by  providing  spe- 
cially hardened  testing  and  forming  molds. 


(Continued  from  p.  37) 

6.  Of  the  total  property  taxes  expended  on  all  roads 
and  streets — 

(a)  11.5  percent  was  expended  on  State  and  State- 
aid  roads. 

(6)  38.8  percent  was  expended  on  local  town  roads, 
(c)  49.7  percent  was  expended  on  urban  streets. 

7.  Of  the  total  motor-vehicle  imposts  expended  on 
all  classes  of  roads  and  streets — 

(a)  Motor- vehicle  owners  in  rural  areas  paid  21.5 
percent,  and  these  same  rural  owners  performed  23.8 
percent  of  the  total  travel  on  all  classes  of  roads  and 
streets. 

(6)  Urban  motor-vehicle  owners  paid  78.5  percent, 
and  performed  76.2  percent  of  the  total  travel. 

8.  Of  the  total  motor-vehicle  imposts  (including 
nonresident  fees)  expended  on  all  classes  of  roads  and 
streets — 

(a)  90. 1  percent  was  expended  on  State  and  State- 
aid  roads. 

(6)  3.9  percent  was  expended  on  local  town  roads. 


Highway  Bridges  in  New  Hampshire. 


Table  28. —  Comparison  of  taxation  and  expenditures  in  1932 
COMPOSITION  OF  EACH  $1,000  OF  TAXES 


Type  of  tax 

Collected  from  residents 
of- 

Amount 

Per- 
centage 
of  total 
In  each 
group 

(Rural  areas.. 

$158. 06 
97.13 
140.  57 
107. 99 
99.54 

26.2 

Places  to  2,499 

16.1 

General  property  taxes.. 

maces  2,500  to  14,999 

Places  15,000  to  74,999 

23.3 

17.9 
16.5 

Total 

603. 29 

100.0 

fRural  areas 

41.83 

37.74 
45.33 
25. 68 
25.87 
18.09 

21.5 

Places  to  2,499 

19.4 

Motor-vehicle  taxes  -- 

Places  2,500  to  14,999 

Places  15,000  to  74,999 

23.3 

13.2 
13.3 

Nonresidents 

9.3 

Total... 

194  54 

100.0 

fRural  areas 

50.14 
33.  56 
52. 16 
32.95 
33.36 

24.8 

Places  to  2,499 

16.6 

Miscellaneous  taxes 

^  Places  2,500  to  14,999 

Places  15,000  to  74,999 
(Manchester. 

25.8 

16.3 
16.5 

Total 

202. 17 

100.0 

Grand  total 

l,i mi 

COMPOSITION  OF  EACH  $1,000  OF  EXPENDITURES 


Expended  for— 

Source  of  funds  expended 

Amount 

Per- 
centage 
of  total 
in  each 
group 

fRural  areas 

$38. 39 
95.61 
15.39 
13.11 
55.91 

17.6 

43.8 

Highways  on  State  system 

7.0 

6.0 

(Loans  and  reserves 

Total.. 

25.6 

218.41 

100.0 

IRural  areas  

23.80 

22.05 

4.15 

47.6 

44.1 

m  b  ra , 

(Loans  and  reserves _. 

Total   

8.3 

50.00 
54.20 

100.0 

100.0 

Total  all  highways 
and  streets. 

322.  61 

269. 44 

348. 68 

59.27 

Education 

Public  benefit 

Grand  total 

1, 000.  00 

9.  Of  all  imposts  and  taxes  (including  Federal  aid 
and  loans  and  reserves)  expended  on  all  roads  and 
streets — 

(a)  67.7  percent  was  expended  on  State  and  State- 
aid  roads. 

(b)  15.5  percent  was  expended  on  local  town  roads. 

(c)  16.8  percent  was  expended  on  urban  streets. 

10.  Of  all  current  imposts  and  taxes  paid  by  resi- 
dents, expended  on  all  roads  and  streets — 

(a)  Rural  property  and  motor-vehicle  owners  paid 

34.1  percent,  and  travel  by  rural  vehicles  made  up  23.8 
percent  of  the  total  travel  on  all  classes  of  roads  and 
streets. 

(b)  Urban  property  and  motor-vehicle  owners  paid 
65.9  percent,  and  travel  by  urban  vehicles  made  up 

76.2  percent  of  the  total  travel. 
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STABILIZED   SOIL  ROADS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  C.  A.  Hogentogler,  Senior  Highway  Engineer,  and  E.  A.  Willis,  Assistant  Highway  Engineer 


SOILS  arc  unstable  when  the  force  required  to 
displace  them  laterally  under  load  exceeds  their 
shear  strength .  Sliding  of  the  soil  particles  follows. 
Failure  of  fills  caused  by  slips,  penetration  of  subgrade 
soil  into  the  interstices  of  porous  base  courses,  and  the 
rutting  of  subgrades,  base  courses,  and  road  surfaces 
are  the  results. 

The  purpose  of  soil  stabilization  is  to  provide  road 
soils  with  enough  abrasive  resistance  and  shear  strength 
to  accommodate  traffic  under  prevalent  weather  con- 
ditions, without  detrimental  deformation. 

There  are  two  general  methods  for  accomplishing 
this. 

1.  By  providing  the  soil  with  coarse  and  fine  mate- 
rials of  the  proportions  and  character  required  to 
produce  stability,  and  possibly  supplementing  this  by 
adding  chemical  admixtures  to  maintain  the  stability 
thus  produced. 

2.  By  incorporating  water-insoluble  binders  in  fine- 
grained or  poorly  graded  soils,  consolidating  in  a 
particular  manner  to  provide  structural  stability,  and 
covering  the  bases  thus  produced  with  thin  wearing 
courses  to  furnish  resistance  to  abrasion. 

In  either  case  the  stability  that  can  be  obtained 
depends  upon  (1)  the  physical  characteristics  of  the 
soil  particles,  (2)  the  cohesiveness  of  the  binder,  and 
(3)  the  strength  and  permanency  of  the  joint  that 
can  be  developed  between  soil  particles  and  binder. 

Methods  of  determining  the  properties  of  the  various 
rock  and  soil  materials  used  as  aggregate,  and  such 
binders  as  bituminous  materials  and  portland  cement, 
have  long  been  used  as  standard  laboratory  practice 
by  the  engineer. 

ADSORPTION    BY    SOIL    PARTICLES   IMPORTANT    FACTOR    IN    SOIL 
PHYSICS 

With  the  development  of  information  on  soil  sta- 
bilization, it  has  become  more  and  more  obvious  that 
the  adhesion  that  can  be  developed  between  aggregate 
and  binder  plays  just  as  important  a  part  in  the  per- 
formance of  the  resulting  road  surface,  base  course,  or 
stabilized  subgrade  as  the  individual  properties  of 
binder  and  aggregate  separately. 

In  such  studies  as  well  as  those  that  may  furnish 
a  rational  explanation  of  how  water  alone  or  water 
supplemented  with  chemicals  effect  soil  stabilization,  the 
engineer  has  had  to  enlarge  his  field  of  study  to  include 
investigations  of  the  electrochemical  phenomena  of 
adsorption  and  base  exchange  long  recognized  in  both 
agriculture  and  ceramics. 

Adsorption,  according  to  Bancroft  (2)1,  is  the  phenom- 
enon that  causes  all  solids  to  tend  to  adsorb  or  condense 
on  their  surfaces  any  gases  or  vapors  with  which  they 
are  in  contact.  When  adsorption  involves  reactions 
that  are  essentially  chemical  or  ionic  in  character,  it 
is  termed  base  exchange.  These  phenomenon  depend 
upon  electrical  attractions  which  may  be  illustrated  as 
follows: 


1  Italic  numbers  in  parenthesis  refer  to  bibliography,  p.  C4. 
C428C— 36 1 


A  piece  of  iron  is  attracted  strongly  enough  by  a 
magnet  to  cling  to  it  and  be  lifted  against  the  force  of 
gravity.  A  piece  of  copper,  in  contrast,  is  not  so 
attracted  by  the  magnet.  If  the  two  metals  were  com- 
bined in  varying  proportions  the  magnet  would  be 
expected  to  attract  the  resulting  alloys  in  varying 
degrees  covering  the  whole  range  from  none  for  the 
copper  to  a  maximum  for  the  iron. 

Similarly  all  solids  attract  with  varying  intensity 
any  gases,  vapors,  or  even  solids  with  which  they  are 
in  contact.  In  the  air  solids  adsorb  films  of  air  and, 
in  saturated  soils,  the  solids  are  covered  with  minute 
films  of  moisture.  For  a  liquid  to  wet  a  solid  in  air, 
the  liquid  must  displace  the  air  film,  and  for  this  to 
occur  the  solid  must  attract  the  liquid  more  strongly 
than  it  attracts  the  air.  Also,  only  materials  that 
have  greater  affinity  for  air  than  for  water  can  be 
thoroughly  dried.  Air  is  often  adsorbed  on  soil  solids 
so  strongly  after  a  period  of  drought  that  drops  of 
rain  will  roll  along  on  dust  without  wetting  it. 

Clay  adsorbs  different  liquids  to  different  extent,  i.  e., 
its  power  of  adsorption  is  selective  and  under  suitable 
conditions  one  liquid  will  displace  another  in  contact 
with  the  clay.  For  this  reason,  a  greasy  dish  is  readily 
cleaned  by  rubbing  it  with  wet  clay,  and  grease  may 
be  removed  from  wool  and  cloth  by  rubbing  it  with 
dry  clay.  This  use  of  dry  clay  is  important  industrially 
in  filling  cloth. 

The  power  that  plastic  clays  possess  of  retaining 
their  plasticity  when  mixed  with  sand  or  other  non- 
plastic  material  is  caused  by  the  adsorption  of  one 
solid  by  another.  The  clay  is  not  distributed  uni- 
formly through  the  pores  or  interstices  of  the  coarser 
particles  but  most  of  it  forms  a  coating  on  the  non- 
plastic  material  and  many  of  the  pores  remain  unoc- 
cupied even  though  there  is  more  than  sufficient  clay 
to  fill  them. 

BASE  EXCHANGE  DISCUSSED 

A  colloid  that  holds  hydrogen  adsorbed  on  its  surface 
is  termed  a  hydrogen-ionized  or  H-colloid.  One  with 
calcium  adsorbed  on  its  surface  is  termed  a  calcium- 
ionized  or  Ca-colloid.  If  a  substance  like  hydrated 
lime  Ca(OH)2  is  leached  through  soil  containing 
H-colloids,  the  calcium  replaces  the  hydrogen  to  form 
Ca-colloids  and  the  hydrogen  thus  released  combines 
with  the  released  (OH)2  to  form  water.  The  line  of 
demarcation  between  selective  adsorption  and  bast; 
exchange  is  often  vague. 

According  to  Searle  (28)  the  theory  of  base  exchange 
was  first  advanced  in  1850.  At  this  time  and  also  in 
1852,  J.  T.  Way  (35)  reported  that  "*  *  *  soils  arc 
able  to  remove  ammonia  from  its  solution,  a  fact  appear- 
ing still  more  extraordinary  inasmuch  as  there  is  no 
ordinary  combination  of  ammonia  in  a  state  of  in- 
solubility in  the  soil."  The  removal  of  ammonia 
resulted  from  its  replacing  lime  in  the  clay,  the  lime 
passing  into  solution.  In  1858  Eichorn  (9)  showed 
that  natural  hydrated  double  silicates,  known  as 
zeolites  and  used  largely  as  water  softeners,  have  this 
property  of  exchanging  one  base  for  another. 
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In  1912  Weigner  (36)  showed  definitely  that  base 
exchange  of  silica  gel  has  all  the  characteristics  of  an 
exchange  adsorption  process.  The  amount  of  cations 
adsorbed  is  mathematically  related  to  the  concentration 
of  the  surrounding  solutions  at  equilibrium. 

Turner  (84)  working  with  tropical  soils  was  able  to 
evaluate  the  exchange  capacities  both  of  the  organic 
matter  and  of  the  clay.  Bradfield  (4),  in  1923,  sup- 
plied information  on  the  types  of  acids  that  occur  in 
soils.  Arrhenius  (1),  in  1926,  found  that  the  adsorp- 
tion of  dyes  by  clay  is  related  to  their  molecular  weights, 
the  materials  having  the  higher  molecular  weights 
being  adsorbed  to  the  greater  extent. 

Work  by  Dr.  Hans  Winterkorn  and  Dr.  L.  D. 
Baver  (3,  39)  has  done  jnuch  to  .substantiate  and 
supplement  the  findings  of  the  earlier  investigators  on 
the  effects  of  the  chemical  characteristics  of  the  soil 
upon  its  physical  properties. 

The  performance  of  the  soil  mass  is  so  largely 
dependent  upon  the  character  of  the  contained  moisture 
that  the  subject  of  sod  physics  almost  completely 
resolves  itself  into  a  study  of  the  physical  properties  of 
soil  moisture. 

Water  may  be  of  two  kinds — adsorbed  or  free — as 
concerns  its  adhesion  to  soil  particles.  It  may  be 
gravitational,  capillary,  cohesive,  or  solidified,  depend- 
ing on  the  performance  of  the  water  or  the  properties  it 
imparts  to  the  soil  mass. 

In  colloidal  suspensions,  the  soil  particle  may  be 
considered  as  being  encased  in  a  film  of  electrically 
adsorbed  water,  or  water  of  hydration,  and  suspended 
in  a  body  of  free  water  as  illustrated  in  figure  1. 

Free  water  has  the  freezing  point,  the  boding  point, 
the  surface  tension,  and  the  viscosity  of  ordinary  water. 
Adsorbed  films,  in  contrast,  have  higher  boding  points, 
lower  freezing  points,  greater  surface  tension,  and  are 
more  viscous  than  free  water. 

It  may  be  considered  that  the  properties  of  the  outer- 
most layer  of  adsorbed  films  of  water  are  more  nearly 
Idee  those  of  free  water,  and  that  the  properties  of  the 
innermost  layer  are  more  nearly  Idee  those  of  solidified 
water  or  ice.  Within  the  thickness  of  the  film  all  the 
properties  from  those  of  free  water  to  those  of  ice 
would  then  be  represented. 

The  extent  to  which  the  free  water  and  film  water 
influence  the  performance  of  sods  depends  upon  both 
the  moisture  content  of  the  soil  and  the  surface  area 
of  the  sod  particles.  The  lower  the  moisture  content 
at  equal  grain  size  and  the  finer  the  sod  at  equal 
moisture  content,  the  greater  wdl  be  the  influence  of 
the  adsorbed  water. 

Gravitational  water  is  free  water  drawn  into  sods  by 
gravity  during  rains  and  thaws.  Capillary  moisture  is 
free  water  drawn  up  through  the  pores  of  a  sod  above 
the  water  table  by  capillary  force.  When  the  film  or 
skin  covering  the  surface  of  water  is  penetrated  by  an 
object  such  as  a  glass  tube  having  greater  attraction  for 
water  than  for  air,  a  water  film  proceeds  upward  and 
wets  the  tube  above  the  surface  of  the  liquid.  The 
adjacent  water  covering,  which  is  part  of  the  adhesive 
film,  is  pulled  upward  until  the  weight  of  water  in  the 
meniscus  thus  formed  equals  the  tensde  strength  of  the 
film. 

Bigelow  and  Hunter,  who,  according  to  Meinzer  (22), 
were  apparently  the  first  investigators  to  make  direct 
measurements  of  the  capillary  rise  in  tubes  other  than 
glass,  concluded  that  the  capillary  ascension  of  water  is 
different  in  tubes  of  different  substances  and  that  it  is 
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Figure  1. — Colloid  Encased  in  Film  op  Adsorbed  Water 
and  Suspended  in  Free  Water. 

probably  a"*     *     *     measure  of  the  adhesion  between 
the  liquid  and  the  substance  in  the  wall." 

For  equal  pore  size,  the  greater  the  adhesive  attrac- 
tion the  higher  will  be  the  capdlary  rise,  the  maximum 
height  being  i limited  by  the  surface  tension  of  water. 
For  equal  adhesive  attraction,  the  height  of  capillary 
rise  and  the  corresponding  adhesion  of  the  films  in- 
creases as  the  diameters  of  the  pores  decrease. 

SOLIDIFIED  WATER  FILMS  CAUSE  PLASTIC  SOILS  TO  FORM  HARD 

CLODS 

To  illustrate  how  changes  in  the  properties  of  water 
affect  the  performance  of  soils,  assume  that  a  small 
amount  of  soil  is  shaken  up  thoroughly  in  water  so  that 
the  soil  particles  are  dispersed  throughout  the  water. 
If  the  resulting  sod  suspension  is  set  aside,  the  soil  par- 
ticles will  gradually  settle  to  the  bottom  and  form  a 
sediment.  The  porosity,  or  moisture  content,  of  this 
sediment  at  first  is  so  high  that  the  sediment  has  all 
the  properties  of  a  fluid,  i.  e.,  due  to  its  own  weight  it 
will  deform  and  acquire  the  shape  of  any  vessel  in  which 
it  is  placed,  and  it  has  buoyant  properties  such  that  its 
density  may  be  measured  with  a  hydrometer.  At  this 
consistency  the  sod  has  a  high  moisture  content  and,  in 
turn,  the  ratio  of  free  water  to  adhesive  water  is  great, 
so  that  the  performance  of  the  mixture  is  dominated  by 
properties  of  free  water. 

As  the  moisture  content  of  the  sod  is  reduced  the 
consistency  becomes  that  of  slips  and  slurries  which  also 
deform  under  their  own  weight  to  assume  the  shape  of 
any  vessel  in  which  they  are  placed.  However,  the  soil 
no  longer  has  the  buoyancy  of  a  fluid  and  its  density  can 
no  longer  be  determined  with  a  hydrometer.  At  this 
consistency,  the  sod  can  be  said  to  be  in  the  viscous 
state.  The  minimum  moisture  content  of  the  soil  in 
this  state  is  the  true  lower  liquid  limit  of  the  soil,  al- 
though the  test  constant,  the  liquid  limit  as  determined 
by  the  Atterberg  test  and  discussed  below,  is  somewhat 
less. 

When  the  moisture  content  is  reduced  below  the 
true  lower  liquid  Unfit,  the  consistency  of  plastic  sods  is 
so  changed  that  they  become  pastes  that  require  the 
application  of  external  pressure  in  order  to  undergo 
change  in  shape.  The  ratio  of  lubricating  to  adhesive 
moisture,  while  decreasing,  is  still  sufficiently  great  to 
cause  the  properties  of  the  soil  to  be  dominated  by  the 
lubricating  water. 

Upon  further  reduction  of  moisture,  a  moisture  con- 
tent is  reached  at  which  the  properties  of  the  soil  are 
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altered  abruptly,  from  those  of  a  plastic  paste  to  those 
of  a  semirigid  material  with  a  correspondingly  abrupt 
and  considerable  increase  in  its  bearing  value.  This 
results  from  the  fact  that  the  ratio  of  lubricating  to 
adhesive  moisture  becomes  so  reduced  that  the  adhesive 
water  abruptly  becomes  the  dominating  influence  on 
the  performance  of  the  soil.  This  moisture  content  is 
the  plastic  limit  of  the  soil. 

On  continued  evaporation,  the  soil  acquires  a  maxi- 
mum density  due  to  this  evaporation.  The  moisture 
content  at  this  density  is  the  shrinkage  limit  of  the 
soil.  Further  reduction  of  moisture  below  the  shrink- 
age limit  is  not  accompanied  by  further  reduction  in 
volume.  Continued  evaporation  below  the  shrinkage 
limit  causes  the  mobile  moisture  to  recede  in  the  pores 
leaving  only  the  very  thin,  more  or  less  solid  films,  which 
may  have  thicknesses  of  only  a  few  million ths  of  an 
inch . 

When  all  of  the  pore  moisture  is  finally  evaporated, 
the  adhesive  films  are  reduced  to  a  solidified  state  with 
molecular  thicknesses.  Such  films  are  really  ice  since 
at  the  enormous  pressures  (estimated  greater  than 
20,000  atmospheres)  under  which  they  exist  the  melting 
point  of  ice  is,  according  to  the  Smithsonian  physical 
tables  {29),  in  excess  of  76°  C.  or  168°  F.  It  is  because 
of  these  solidified  water  films  that  thoroughly  dried 
plastic  soils  form  cakes  and  clods  instead  of  dust. 

Means  of  providing  a  strong  and  lasting  joint  between 
soil  particles  and  the  adhesive  films  connecting  them 
include  the  use  of  admixtures  and  compaction. 

NUMEROUS   ADMIXTURES   USED  IN  SOIL  STABILIZATION 

The  kinds  of  admixtures  and  the  means  by  which  they 
effect  soil  stabilization  are  summarized  as  follows: 

1.  Mineral  aggregates  and  soil  constituents  of  the 
character  and  sizes  required  to  make  graded  mixtures 
stable. 

2.  Moisture-retentive  chemicals,  such  as  calcium 
chloride  and  common  salt,  to  provide  soil  binders  with 
enough  moisture  to  facilitate  the  compaction  of  graded 
mixtures  by  traffic. 

3.  Solutions  of  electrolytes,  such  as  calcium  chloride, 
common  salt,  sodium  hyposulphite,  etc.,  to  reduce  the 
thickness  of  adhesive  water  films  on  soil  particles  and 
thus  provide  stabilized  mixtures  with  greater  density. 

4.  Primes  and  fillers  such  as  soaps,  stone  dust,  and 
slag  to  increase  the  adhesion  between  mineral  constit- 
uents and  the  chemical  and  bituminous  admixtures 
and  thus  assist  in  retaining  the  benefits  the  admixtures 
were  expected  to  furnish. 

5.  Neutralizers  such  as  limestone  dust,  slag,  hydrated 
lime,  etc.,  that  serve  to  alkalize  acid  soils  and  thus  pre- 
vent the  loss  of  stabilizing  chemicals  caused  by  detri- 
mental base  exchange. 

6.  Water-insoluble  binders,  such  as  portland  cement 
and  bituminous  materials,  to  furnish  films  more  sub- 
stantial than  those  of  moisture  alone  and  to  destroy 
permanently  the  colloidal  properties  responsible  for 
detrimental  volume  change  in  soil  mixtures. 

The  effect  of  admixtures  on  the  density  of  stabilized 
soil  may  be  illustrated  by  means  of  tests  devised  by 
R.  R.  Proctor  (26).  They  are  based  on  the  fact  that 
for  each  soil  there  is  but  one  moisture  content,  termed 
the  "optimum"  moisture  content,  at  which  the  maxi- 
mum density  is  produced  by  a  specific  amount  of 
compacting.  For  each  density,  each  soil  has  a  particu- 
lar stability  as  indicated  by  the  force  required  to  pene- 
trate the  soil  with  a  footing  of  known  area  at  a  given 
speed.     When  the  soil  is  compacted  to  maximum  den- 


Figure  2. — Upper;  The  Proctor  Compaction  Test  Appara- 
tus. Lower;  Measuring  the  Stability  of  a  Sample  in  the 
Field. 

sity  at  optimum  moisture  content,  the  adsorptive 
attraction  between  water  and  soil  particles  is  probably 
such  that  the  tendency  for  moisture  to  enter  the  soil 
and  expand  or  soften  the  soil  mass  is  largely  eliminated. 

The  apparatus  required  for  the  compaction  test 
consists  of  a  brass  cylinder  4  inches  in  diameter  and 
about  4%  inches  deep,  which  is  mounted  on  a  removable 
base  plate  and  fitted  with  a  detachable  collar  2  inches 
high  to  hold  the  loose  soil  in  place  while  compacting;  a 
5%-pound  cylindrical  rammer  with  an  end  area  of  about 
3  square  inches;  and  a  plasticity  needle  of  known  end 
area.     (See  fig.  2.) 

In  the  compaction  test  approximately  5  pounds  of 
dry  soil  passing  the  no.  10  sieve  are  mixed  thoroughly 
with  just  enough  water  to  make  it  slightly  damp  and 
compacted  in  the  cy Under  in  3  layers,  each  layer 
receiving  25  blows  from  the  rammer  dropped  a  distance 


48 


PUBLIC   ROADS 


Vol.  17,  No.  3 


96 


95 


!A 

TV 

7 

x 

'v     \ 

K./ 

i  # 

\     ' 
\    1 



\    1 

\l 

/ 

\ 

"** 


I  0 


LJ     O 

0  a- 
<"- 

1  <n 

a:  ? 


20 


2  8- 


30 


22  24  26 

moisture  content  -percent 

Figure  3. — Effect    of    Variations    in    Moisture    Content 
upon  the  Density  and  Stability  of  a  Soil. 

of  1  foot.  The  soil  is  then  struck  oft*  to  the  level  of  the 
cylinder,  weighed,  and  the  stability  determined  with 
the  plasticity  needle  by  measuring  the  force  required 
to  force  it  into  the  soil  at  the  rate  of  one-half  inch  per 
second.  A  small  sample  of  the  compacted  soil  is  oven 
dried  to  determine  the  moisture  content. 

This  procedure  is  repeated,  each  time  adding  about 
1  percent  more  water,  until  the  soil  becomes  very  wet 
and  there  is  a  substantial  decrease  in  the  weight  of  the 
compacted  wet  soil.  The  effect  of  moisture  on  the 
densities  of  the  compacted  samples  is  shown  by  plotting 
the  densities  of  the  compacted  soil  when  dry,  expressed 
in  pounds  per  cubic  foot,  against  moisture  content. 
The  plasticity  needle  readings,  expressed  in  pounds  per 
square  inch,  are  also  plotted  against  moisture  content 
to  show  the  effect  of  moisture  on  stability. 

Two  curves  resulting  from  the  test  (fig.  3)  illustrate 
the  significance  of  the  compaction  data.  The  dry- 
weight,  moisture-content  curve  discloses  that  for  this 
soil  a  moisture  content  of  about  25  percent  is  required 
if  maximum  compaction  is  to  be  obtained.  The  cor- 
responding stability  is  about  1,200  pounds  per  square 
inch. 

If,  at  a  specified  density,  the  stability  of  this  par- 
ticular soil  as  indicated  by  the  plasticity  needle  is 
higher  than  1,200  pounds,  the  increase  can  be  con- 
sidered as  only  temporary  if  the  soil  is  to  be  unpro- 
tected from  water  after  construction.  For  this  soil 
a  stability  of  1,950  pounds  per  square  inch  indicates  a 
moisture  content  of  slightly  more  than  20  percent. 
This  corresponds  to  a  dry  weight  of  about  97  pounds 
per  cubic  foot.  This  density  is  representative  also  of 
a  moisture  content  of  slightly  more  than  27  percent 
which,  in  turn,  corresponds  to  a  stability  of  but  750 
pounds  per  square  inch. 

TEMPERATURE  IS  A  FACTOR  TO  BE  CONSIDERED  IN  COMPACTING 
SOILS  TO  HIGH  DENSITY 

It  is  proverbial  that  molasses  is  "slower"  in  January 
than  in  June.  The  same  can  be  said  about  water  for 
it  also  is  more  viscous  in  cold  weather.     Because  of 


this,  sedimentation  proceeds  at  a  slower  rate  in  cold 
water,  the  films  of  adsorbed  water  on  soil  particles  are 
thicker,  for  equal  degrees  of  compaction  the  moisture 
content  of  soil  is  greater,  and  for  equal  moisture 
contents  the  stability  of  soil  is  greater  during  periods 
of  low  temperature. 

It  can  be  shown  by  the  application  of  Stokes'  law 
that  the  times  required  for  settlement  through,  a  depth 
of  20  feet  of  water  at  temperatures  of  about  100° 
F.  and  35°  F.  would  be  respectively  as  follows:  Coarse 
sand  grains  with  diameters  of  1.0  millimeter,  4.6  seconds 
and  11.4  seconds;  silt  grains  with  diameters  of  0.01 
millimeter,  12.8  hours  and  31.6  hours;  and  clay  particles 
with  diameters  of  0.001  millimeter,  53  days  and  132 
days.  In  these  computations,  only  the  increase  in  the 
viscosity  of  free  water  caused  by  the  drop  in  temper- 
ature is  considered. 

The  greater  thickness  of  the  adsorbed  films  is  indi- 
cated by  data  furnished  by  Baver  and  Winterkorn  (3) 
and  shown  in  table  1.  Here,  the  cubic  centimeters  of 
adsorbed  films  or  hydration  per  gram  of  colloid  is 
greater  at  low  than  at  higher  temperatures.  Thus 
the  Putnam  colloids  ionized  with  sodium  have  5.25 
cubic  centimeters  of  adsorbed  water  film  per  gram  at 
30°  C.  and  but  2.52  cubic  centimeters  at  99°  C. 


Table  !.• — Hydration 


of  Putnam  and  Wabash  colloids  as  affected 
by  temperature 


PUTNAM  COLLOID 

Hydration    in    cubic    centi- 

meters of  water  per  gram  of 

Temper- 

colloid ionized  with— 

ature 

Sodium 

Calcium 

Hydrogen 

Cm3  per 

Cm3  per 

Cm*  per 

"C. 

pram 

gram 

gram 

30 

5.25 

9.75 

5.20 

60 

4.56 

3.90 

3.52 

70 

2.53 

1.98 

2.16 

99 

2.52 

.86 

2.70 

WABASH  COLLOID 

30 

7.45 

6.74 

17.95 

50 

6.29 

6.14 

16.08 

70 

5.09 

6.44 

14.79 

99 

3.67 

7.10 

9.70 

'  From  viscosities. 

The  effects  of  temperature  on  the  moisture  contents, 
densities,  and  stabilities  of  soils  compacted  in  the  same 
manner  are  ^indicated  by  the  curves  shown  in  figures  4 
and  5.  The  gradings  and  the  physical  properties  of 
the  soils  used  in  the  compaction  tests  discussed  below 
are  given  in  table  2. 

The  red  clay  and  Iredell  soils  are  representative  of 
the  clay  soils  conspicuous  because  of  their  high  plas- 
ticity and  volume  change.  The  Arlington  soil  is  a 
typical  silt-loam  soil.  The  Manor  soil  is  a  silty  soil 
that  contains  enough  mica  flakes  to  cause  the  soil  to  be 
highly  elastic. 

Soil  designations,  such  as  Iredell,  Manor,  Putnam, 
and  Cecil,  used  in  this  report  are  names  given  to  par- 
ticular series  of  soils  formed  under  given  conditions  of 
weathering.  The  names  generally  indicate  the  locality 
(township  or  county)  in  which  a  particular  series  was 
first  identified  and  mapped.  Thus  the  Manor  series  is 
representative  of  a  type  first  mapped  in  Manor  Town- 
ship, Lancaster  County,  Pa.     The  names  are  used  here 
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Figure  4. — Effect  of  Temperature  upon  the  Density  of 
Different  Soils. 

solely  for  the  purpose  of  identification  and  not  to  denote 
physical  characteristics. 

In  figure  4  are  shown  the  dry-weight,  moisture-con- 
tent curves  produced  by  equal  amounts  of  compacting 
for  three  different  soils  as  determined  at  three  different 
temperatures.  In  all  cases  the  maximum  densities  are 
higher  and  the  optimum  moisture  contents  lower,  the 
higher  the  temperature  at  the  time  of  test. 

Table  2. — Results  of  tests  on  different  .soils 
MECHANICAL  ANALYSIS' 


Particles 

larger 

than 

2.0  mm 

Particles  smaller  than  2  mm  (percent  by  weight) 

Soil 

Coarse 

sand 

2.0  to 

0.25  mm 

Fine 
sand 

0.25  to 
0.05  mm 

Silt  0.05 

to  0.005 

mm 

Clay 
smaller 
than 
0.005 
mm 

Colloids 

smaller 

than 

0.001 

mm 

Passing 
no.  40 
sieve 

Red  clay 

Percent 
0 
0 
0 
0 

Percent 
4 
14 
6 
7 

Percent 
8 
8 
27 
42 

Percent 
20 
20 
30 
39 

Percent 
68 
58 
31 
12 

Percent 

51 

42 

22 

8 

Percent 
98 

IredelL 

89 

Arlington 

Manor 

99 

98 

PHYSICAL    CHARACTERISTICS  '    OF     MATERIAL    PASSING    NO.    40 

SIEVE 


Soil 

Liquid 

limit 

Plastic- 
ity 
index 

Shrinkage 

Moisture 
equivalent 

Limit 

Ratio 

Centri- 
fuge 

Field 

Red  clay 

65 

78 
27 
37 

47 

55 

ll 

10 
12 

19 
38 

2.0 
2.0 
1.7 

1.4 

31 

S76 

33 

22 

25 

Iredell 

40 

Arlington 

Manor 

21 
42 

1  Determined  in  accordance  with  standard  A.  A.  S.  H.  O.  and  A.  S.  T.  M.  testing 
procedures. 

2  Waterlogged. 

Figure  5  shows  the  relations  between  the  stability  as 
measured  by  the  plasticity  needle  and  the  temperature 
of  the  sample.  Each  curve  is  for  a  single  sample  com- 
pacted at  high  temperature  and  shows  that  an  increase 
in  stability  occurred  when  the  temperature  was  reduced, 
the  moisture  content  and  density  remaining  constant. 


\ 

\ ARLINGTON 

\lREDELL 

\reo  c 

\ 

\ 

V 

IS  20 


RESISTANCE    TO  PENETRATION  -  HUNDREDS  Or   POUNDS    PER    SQUARE    INCH 

Figure  5. — Effect  of  Temperature  upon  the  Stability  of 
Different  Soils. 


RESISTANCE  TO  PENETRATION  -  HUNDREDS  OF  POUNDS  PER  SQUARE  INCH 

Figure  6. — Effect    of    Alternations    of    High    and    Low 
Temperature  on  the  Stability  of  Red  Clay  Soil. 

The  sample  of  Iredell  clay  was  compacted  at  a  tem- 
perature of  125°  F.  and  a  moisture  content  of  24.6 
percent  (the  optimum  moisture  content  for  a  tempera- 
ture of  35°  F.).  The  temperature  of  the  sample  was 
then  reduced  first  to  68°  F.  and  then  to  32°  F.  The 
stabilities  were  800  pounds  per  square  inch  at  125°  F., 
1,000  pounds  per  square  inch  at  68°  F.,  and  1,240 
pounds  per  square  inch  at  32°  F. 

The  stabilities  of  the  other  two  samples  (fig.  5),  like- 
wise were  greater  at  the  lower  temperatures.  The 
Arlington  soil  had  a  stability  of  710  pounds  per  square 
inch  at  42°  F.  as  compared  with  340  pounds  per  square 
inch  at  115°  F.  For  the  red  clay  the  stability  was 
2,000  pounds  per  square  inch  at  32°  F.  as  compared 
with  1,400  pounds  per  square  inch  at  125°  F. 

The  curves  in  figure  6  show  that  the  phenomenon  of 
change  in  stability  with  change  in  temperature  is  a 
reversible  one,  the  stability  increasing  with  lowering 
temperatures  and  decreasing  with  rising  temperatures. 
In  figure  6  the  curve  marked  A  shows  the  effect  of 
compacting  a  sample  at  high  temperature  and  then 
successively  lowering  and  raising  the  temperature.  The 
curve  marked  B  shows  the  effect  of  compacting  the 
sample  at  a  low  temperature  and  then  successively 
increasing  and  decreasing  the  temperature.     The  sam- 
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Figure  7. — Effect    of    Amount    of    Compacting    upon   the 
Density  of  Manor  Soil. 

pies  used  in  obtaining  the  information  shown  in  figure  6 
were  not  compacted  at  the  optimum  moisture  content, 
and  the  moisture  contents  were  not  the  same  for 
samples  A  and  B.  This  explains  the  differences  in 
stability  shown  by  the  two  curves. 

Decrease  in  the  temperature  at  constant  moisture 
content  causes  a  decrease  in  the  free  water  and  a  corre- 
sponding increase  in  the  adsorbed  water.  This  de- 
crease in  the  ratio  of  the  lubricating  to  the  adhesive 
moisture  residts  in  an  increase  in  the  relative  viscosity 
of  the  total  moisture,  adsorbed  and  free.  This  in- 
crease is  in  addition  to  the  increase  in  the  viscosity  of 
the  free  water  caused  by  drop  in  temperature.  The 
total  variation  in  the  viscosity  of  all  contained  moisture 
can  be  considered  as  the  primary  influence  on  the  varia- 
tion in  density  and  stability  with  variation  in  the 
temperature  of  compacted  soils. 

The  dry-weight,  moisture-content  curves  in  figure  7 
show  the  effect  of  the  amount  of  compacting  the  sample 
received  upon  its  density.  The  curves  show  the 
results  of  varying  the  number  of  blows  per  layer  in 
compaction  tests  of  the  Manor  soil.  The  greater  the 
number  of  blows  per  layer,  the  lower  were  the  optimum 
moisture  contents  and  the  higher  were  the  maximum 
densities  of  the  compacted  samples.  Figure  8  shows 
the_  relation  between  the  dry  weights  at  optimum 
moisture  contents  and  the  number  of  blows  per  layer 
for  the  Manor  soil. 

PROPER    GRADING   OF    MIXTURE   IS    A   FIRST   CONSIDERATION   IN 
CONSTRUCTING   STABLE   SOIL    ROADS 

According  to  Dr.  C.  M.  Strahan  (80)  the  best  graded 
soil  mixtures  can  be  expected  to  furnish  roads  that, 
when  dry,  are  strong,  hard,  free  from  noticeable  ruts, 
holes,  or  corrugations,  possess  a  well-shaped  crown,  and 
drain  freely  into  the  side  ditches.     A  thin  layer  of  loose, 
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Figure  8. — Effect   of   Amount   of   Compacting   upon   the 
Density  of  Manor  Soil  at  Optimum  Moisture  Contents. 

sandy  material  may  sometimes  be  present,  but  not 
sufficient  in  amount  to  impede  traffic.  During  heavy 
rains  or  after  long  wet  spells  the  surface  should  not  be 
noticeably  softened,  but  should  remain  practically  non- 
slippery  and  free  from  appreciable  mud.  Driving 
speed  may  need  to  be  only  slightly  reduced. 

Proportioning  of  soil  materials  for  surface  courses 
should  provide: 

1.  Enough  crushed  rock,  gravel,  or  slag  retained  on 
the  no.'  10  sieve  to  furnish  the  strength  and  hardness 
needed  to  resist  the  abrasive  action  of  traffic. 

2.  Enough  sand  or  other  granular  material  passing 
the  no.  10  sieve  and  retained  on  the  no.  200  sieve  to 
provide  the  interlocking  of  soil  grains  and  thus  increase 
the  shear  strength. 

3.  A  quantity  of  silt  and  sand  (particles  0.074  to 
0.005  millimeters  in  diameter)  to  act  as  a  filler  and  to 
provide  the  capillary  bond  necessary  for  stability  when 
the  binder  clay  loses  cohesion  in  wet  weather. 

4.  Enough  clay  (particles  smaller  than  0.005  milli- 
meters in  diameter)  to  retain  the  minute  adhesive  films 
after  the  larger  films  of  capillary  moisture  have  evapo- 
rated and  thus  provide  the  adhesion  required  to  main- 
tain stability  during  dry  weather. 

The  abrasive  resistance  and  the  degree  of  interlocking 
of  soil  mixtures  are  indicated  by  the  grading  of  the 
granular  fractions.  Materials  falling  within  the  fol- 
lowing limits,  by  weight,  satisfy  the  above  require- 
ments and  should  produce  good  surfacing  layers: 

Passing:  Ptr"nl 

1-inch  sieve 100 

54-inch  sieve 85-100 

No.  4  sieve 55-85 

No.  10  sieve 40-65 

No.  40  sieve 25-50 

No.  200  sieve1 10-25 

i  The  smallest  fraction  of  the  grading  determination  referred  to  in  previous  reports 
was  that  passing  the  no.  270  sieve.  The  hydrometer  method  of  analysis  has  been 
used  to  determine  the  fraction  referred  to  as  that  passing  the  no.  270  sieve  because 
that  method  is  more  practical  than  one  using  the  no.  270  sieve.  However,  the  use 
of  the  no.  200  sieve  is  practical.  Furthermore,  it  has  been  found  that  a  knowledge 
of  the  characteristics  of  the  fraction  passing  the  no.  200  sieve  serves  our  purpose  as 
well  as  a  knowlege  of  the  characteristics  of  the  fraction  passing  the  finer  sieve  and 
eliminates  the  necessity  of  making  the  hydrometer  analysis.  This  explains  the 
substitution  of  the  no.  200  for  the  no.  270  sieve  in  the  grading  requirements. 

Material  larger  than  1  inch  can  be  used  under  cer- 
tain conditions  but  the  amount  should  not  exceed  10 
percent.  Also  the  maximum  size  should  never  exceed 
one-third  the  thickness  of  the  stabilized   layer.     The 
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Figure  9. — Effect  of  Grading  of  Samples  on  the  Rela- 
tions Between  Density  and  Moisture  Content. 

fraction  passing  the  no.  200  sieve  should  be  less  than 
two-thirds  of  the  fraction  passing  the  no.  40  sieve. 

For  base  courses  the  fraction  passing  the  no.  200 
sieve  should  be  within  the  range  of  0  to  25  percent  and 
should  be  less  than  one-half  of  the  fraction  passing 
the  no.  40  sieve. 

The  dry-weight,  moisture-content  curve  for  a  soil 
passing  the  no.  10  sieve  and  meeting  the  requirements 
for  a  good  soil  mortar  is  shown  in  figure  9,  sample  6. 
The  grain  size  accumulation  curve  for  this  sample  is 
shown  in  figure  10. 

The  effects  of  increasing  the  percentages  of  silt  and 
clay  are  also  shown  in  these  figures.  The  data  are 
summarized  in  table  3. 

Table  3. — Grading,  optimum  moisture  contents,  and  densities  of 

samples 


Mechanical  analysis 

OS 
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3 
'0 

© 

al 
3  0 
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opti-  I 
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Sample  num- 
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zo  O 
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Per- 
cent 
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0 
0 
24 
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24 
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0 
0 

Per- 
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1 
1 
1 
1 
0 
16 
18 
16 
25 
0 
0 

Per- 
cent 
2 
1 
0 
0 
22 
13 
14 
14 
20 
29 
1 

Per- 
cent 
4 
2 
2 
22 
18 
10 
1! 
10 
15 
23 
36 

Per- 
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2 
1 
14 
11 
9 
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12 
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Per- 
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2 
1 
25 
19 
15 
9 
10 
7 
10 
13 
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Per- 
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20 
60 
37 
30 
23 
15 
13 
5 
5 
5 
5 

Per 
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68 
34 
21 
17 
13 
8 
0 
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18 
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12.9 
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Figure  10. — Grain    Size    Accumulation    Curves    of    Sand 
Admixtures. 

The  red  clay,  sample  1,  contains  68  percent  clay, 
20  percent  silt,  and  12  percent  sand.  At  the  optimum 
moisture  content  of  16.7  percent  the  dry  weight  was 
113.0  pounds  per  cubic  foot  as  compared  with  a  dry 
weight  of  129.8  pounds  at  9.6  percent  optimum  mois- 
ture content  for  the  excellent  soil  mortar  (group  A-l 
soil),  sample  6. 

Samples  2,  3,  4,  and  5  were  obtained  by  adding  silt 
and  sand  to  the  red  clay  represented  by  sample  1. 
An  attempt  was  made  to  obtain  proportions  repre- 
sentative of  the  different  fractions  of  sample  6.  Thus 
sample  5  represents  approximately  the  grading  of  the 
fraction  of  sample  6  material  that  passes  the  no.  40 
sieve;  sample  4  represents  the  fraction  that  passes  the 
no.  60  sieve;  sample  3  represents  the  fraction  that 
passes  the  no.  100  sieve;  and  sample  2  represents  the 
fraction  that  passes  the  no.  270  sieve. 

Figure  9  shows  that  as  the  total  sand  is  decreased 
from  that  of  sample  6  to  that  of  sample  2  the  density 
of  the  compacted  mixtures  decreases  and  the  optimum 
moisture  contents  increase.  In  sample  7  an  attempt 
was  made  to  approximate  the  grading  of  the  fraction 
of  sample  6  that  was  larger  than  0.005  millimeter.  As 
would  be  expected  in  the  absence  of  the  clay  fraction 
the  optimum  moisture  content  is  smaller  than  that  of 
sample  6,  being  only  8.5  percent.  The  maximum  dens- 
ity, however,  is  but  124.1  pounds  per  cubic  foot,  which 
is  5.7  pounds  per  cubic  foot  less  than  that  of  the 
excellently  graded  material  (sample  6). 

In  figures  11  and  12,  data  for  sample  6  are  compared 
with  similar  data  for  four  samples  in  which  the  sand, 
silt,  and  clay  fractions  are  constant  but  the  grading  of 
the  sand  fraction  is  varied.  The  maximum  density  of 
sample  8  with  5  percent  silt  and  18  percent  clay  and 
approximately  the  same  sand  gradation  as  sample  6  is 
slightly  lower  than  that  of  sample  6 .  As  the  coarser  sand 
fractions  are  eliminated  from  samples  9,  10,  and  11  and 
the  mixtures  approach  a  more  nearly  uniform  grain 
size,  their  densities  decrease. 

PHYSICAL  AND  CHEMICAL  PROPERTIES  OF  AGGREGATE   AND 
BINDERS   MUST  BE  CONSIDERED 

The  aggregate  of  satisfactory  stabilized  mixtures 
should  be  hard  and  durable  enough  to  resist  weathering, 
traffic  abrasion,  and  crushing.  Sound,  tough  particles 
or  fragments  of  gravel,  stone,  slag,  or  combinations  of 
them,  crushed  to  the  proper  size,  should  prove  suitable. 
Certain  types  of  shales  and  similar  materials  that  break 
up  and  weather  rapidly  when  alternately  frozen  and 
thawed,  or  wetted  and  dried,  should  not  be  used. 
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Figure  11.— Effect  of  Grading  of  Samples  on  the  Rela- 
tions  Between   Density  and   Moisture   Content. 

The  soil  fines  should  be  of  a  character  such  as  to 
provide  graded  mixtures  with  the  proper  balance  of 
capillarity  and  cohesion  without  risk  of  detrimental 
volume  change.  Fines  which  swell  enough  in  the 
presence  of  moisture  to  have  moisture  contents  appre- 
ciably in  excess  of  their  plastic  limits  are  likely  to  prove 
the  least  desirable.  This  is  because  the  more  the 
moisture  content  increases  above  the  plastic  limit,  the 
more  likely  is  clay  to  become  a  lubricant  instead  of 
a  binder. 

Just  as  the  adhesive  water  instead  of  the  free  water 
becomes  the  determining  influence  when  the  moisture 
content  of  a  soil  is  reduced  from  above  to  below  the 
plastic  limit,  there  is  a  corresponding  opposite  change 
when  the  moisture  content  of  clays  is  raised  from  below 
to  above  the  plastic  limit.  With  this  change  the 
clay  can  be  considered  as  changing  from  a  binding  to  a 
lubricating  medium  as  illustrated  in  figure  13.  It  will 
be  noted  (hat  for  a.  constant  load,  the  deformation 
increases  very  slowly  (about  0.00020  inch)  for  each 
I  percent  increase  in  moisture  content,  until  a  moisture 
content  approximately  equal  to  the  plastic  limit  is 
reached.  The  lubricating  effect  of  the  moisture  above 
this  amount  is  indicated  by  the  fact  that  the  increase 
in  deformation  is  thereafter  about  100  times  as  great 
(0.022  inch)  for  each  1  percent  increase  in  moisture 
content  (15). 

Finally,  the  surface  characteristic  of  the  entire  mix- 
ture should  be  such  as  to  provide  satisfactory  adherence 
of  chemical  or  bituminous  admixtures  to  the  mineral 
particles  and  to  prevent  the  occurrence  of  detrimental 
base  exchange. 

In  addition  to  actual  swell  test  data,  such  qualities 
as   high    plasticity,   considerable   shrinkage   on    drying, 
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Figure   13. — Relation    Between    Moisture    Content    and 
Deformation  for  a  Soil  Sample  under  Constant  Load. 

high  moisture  equivalents,  and  the  like,  also  indicate 
soils  likely  to  undergo  detrimental  volume  change. 

The  more  acid  the  soil,  the  greater  is  its  base  ex- 
change capacity,  and  consequently  its  corrosive  prop- 
erties. The  relative  acidity  or  alkalinity  is  disclosed 
by  the  concentration  of  the  hydrogen  ions. 

Of  the  two  parts  of  hydrogen  and  one  of  oxygen 
(H20)  that  comprise  water,  one  part  of  the  hydrogen 
(H)  may  be  considered  as  positive,  acid-producing  ion; 
the  other  part  of  the  hydrogen  in  combination  with  the 
oxygen  (OH)  may  be  considered  as  the  negative, 
alkaline-producing  hyclroxyl.  The  pH  value,  which 
is  used  to  indicate  the  concentration  of  hydrogen  ions, 
equals  the  reciprocal  of  the  logarithm  of  the  grams 
of  ionized  hydrogen  per  liter  of  solution  or  suspension. 
Thus  the  total  ionized  hydrogen  in  grams  per  liter 
equals  10_pH. 

When  the  hydrogen  and  the  hydroxyl  are  in  complete 
equilibrium,  as  in  distilled  water,  the  pH  value  equals 
7.0.  The  lower  the  pH  value  below  7.0  the  greater 
is  the  acidity  of  the  liquid.  The  higher  the  pll  value 
above  7.0  the  greater  is  the  alkalinity  of  the  fluid. 

Figure  14  shows  the  relations  between  the  depth  of 
corrosion  of  metal  pipes  and  the  pll  value  of  the  soils 
in  which  the  pipes  are  buried  (7). 

The  physical  characteristics  indicative  of  swell,  the 
pH  values  which  disclose  the  relative  acidity  of  soils, 
and  the  electrochemical  characteristics  that  control  the 
adhesion  between  aggregate  and  binder,  depend  largely 
upon  both  the  chemical  composition  of  the  soil  particles 
and  the  ions  adsorbed  on  their  surfaces. 

In  humid,  northern  climates,  weathering  may  cause 
the  iron  and  aluminum  oxides  to  be  leached  from  the 
soil,  leaving  relatively  large  accumulations  of  silica.  In  a 
humid  tropical  climate,  in  contrast,  there  is  a  tendency 
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for  iron  and  aluminum  compounds  to  accumulate. 
The  ratio  of  silica  to  the  combined  iron  and  aluminum 
oxides  is  termed  the  silica  sesquioxide  ratio  and  is 
designated  by  the  symbol  "SiOs/R203".2 

Clays  high  in  silica,  termed  "podsols",  are  acidic 
and  consist  principally  of  the  highly  water-adsorbent 
scale-like  particles,  that  have  high  plasticity  and 
shrinkage  values.  Soils  high  in  iron  and  alumina, 
termed  "laterites",  are  alkaline  and  consist  more  of 
the  bulky  or  spherical  particles. 

Russell  (27),  in  summarizing  the  work  of  previous 
investigators,  states  that  the  typical  clay  properties — 
plasticity,  stickiness,  power  of  swelling  on  moistening 
and  of  shrinkage  on  drying,  and  power  of  cementation- 
all  increase  as  the  Si02/R203  ratio  increases  from  2  to  6 
or  7  (podsols)  but  do  not  usually  appear  when  the 
ratio  (Si02/R203)  is  2  or  less  (laterites). 

The  greater  swelling  of  soils  with  the  higher  Si02/R203 
ratios,  as  found  by  Winterkorn  and  Baver  (3),  is  shown 
in  table  4. 

Table  4. — -Influence  of  adsorbed  ions  on  the  water  affinity  of  soil 

colloids 


Si  02 
R2O3 

Swelling  for  ions  of— 

Type  of  clay 

Sodium 

Lithium 

Potas- 
sium 

Calcium 

Barium 

Hydro- 
gen 

Bentonit.e 

Putnam 

Wabash 

Iredell 

5.0 
3.2 
3.2 
1.8 

Cm  3 

per  gram 

11.1 

4.0 

3.7 

.6 

Cm  * 

per  gram 

10.8 

5.0 

3.1 

.4 

Cm  » 

per  gram 
8.6 
.  5 
.6 
.02 

Cm  3 
per  gram 

9 
.8 

.3 

( -in  3 
per  gram 
2.5 
.9 

A 

Cm  > 

per  gram 

2.2 

.8 

.9 

.2 

ADSORBED    IONS    AFFECT    PERFORMANCE    OF    SOILS 

Research  in  base  exchange  by  Joseph  and  Oakley 
(19)  has  shown  that  generally  the  plasticity  and 
shrinkage  were  greatest  in  soils  saturated  with  lithium 
ions.  As  the  kind  of  adsorbed  ions  was  changed  suc- 
cessively to  sodium,  magnesium,  calcium,  potassium, 
ammonium,  and  hydrogen  ions,  the  plasticity  was 
gradually  reduced. 

The  shrinkage  was  gradually  reduced  as  the  kind  'of 
adsorbed  ions  was  changed  successively  to  sodium, 
magnesium,  calcium,  hydrogen,  ammonium,  and  potas- 
sium ions.  The  moisture  equivalents  were  highest  for 
the  sodium-ionized  clay  and  were  reduced  gradually  as 
the  kind  of  adsorbed  ions  was  changed  successively  to 

'  The  symbol  Si02/R20s  stands  for  Si02/(Fe203+Al203). 
64286—36 2 


lithium,  magnesium,  hydrogen,  calcium,  and  potassium 
ions. 

Joseph  (18)  gives  an  example  of  a  sodium  clay  having 
a  moisture  equivalent  double  that  of  the  calcium  clay. 
The  values  were  as  follows:  Natural  soil,  69  percent 
by  weight;  sodium-ionized  clay,  125  percent;  and 
calcium-ionized  clay,  63  percent. 

The  effect  of  adsorbed  ions  upon  the  swell  and  slaking 
values  of  clays  as  found  by  Dr.  Winterkorn  (39)  is  shown 
in  tables  4  and  5. 

According  to  Russell  (27),  the  normal  clay  of  fertile 
soils  is  a  calcium  clay,  but  the  calcium  can  easily  be 
replaced  by  other  bases  or  by  hydrogen;  a  new  clay 
then  arises.  Two  of  these  clays,  the  acid  and  the 
sodium,  occur  somewhat  frequently  in  nature. 

Table  5. — Influence  of  adsorbed  ions  on  slaking  time 
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15 
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49 
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26 
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35 
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15 
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32 

24 
341 

24 

Hagerstown  .. 

23 

::.  2 

38 

31 

24 

26 

420 

26 

Additional  information  on  these  types  of  clay  is 
furnished  by  Taylor  (31)  as  follows: 

Since  the  clay  fi  action  of  a  soil  shows  marked  flocculation 
phenomena,  it  indicates  that  the  clay  particles  are  charged. 
The  present  conception  is  that  the  charge  on  the  particle  is 
negative,  due  to  the  anions  of  the  clay,  and  surrounding  them 
are  the  positively  charged  kations,  the  hydrogen,  calcium, 
magnesium,  potassium,  and  sodium.  It  is  thus  possible  to  have 
a  series  of  clay  types  according  to  the  kations  present.  The  most 
important  clay  types  are  hydrogen  clay,  characteristic  of  an 
acid  soil;  calcium  clay,  the  normal  constituent  of  agricultural 
land  and  of  silt  carried  and  deposited  in  fresh  water;  and  the 
sodium  clay,  which  is  the  characteristic  clay  in  salt  and  alkaline 
land.  From  the  geological  point  of  view,  calcium  clay  and 
sodium  clay  are  the  most  important,  as  they  are  characteristic 
of  fresh  water  and  marine  conditions  respectively.  When  a  silt 
containing  calcium  clay  is  carried  in  suspension  and  deposited 
in  water  containing  sodium  chloride,  the  sediment  will  contain 
sodium  clay  as  a  characteristic  constituent. 

Other  methods  by  which  sodium  clay  may  be  formed  are: 
(a)  the  submergence  of  strata  in  sea  water;  and  (6)  by  the  capil- 
lary rise  of  sodium  chloride  solutions  from  a  subsoil  water  table 
containing  this  salt  in  solution.  These  two  latter  modes  of 
formation  are  characteristic  of  deltaic  deposits.  It  will  be  seen, 
therefore,  that  sodium  clay  is  a  characteristic  constituent  of 
sediments  formed  under  marine,  estuarine,  or  deltaic  conditions, 
and  that  calcium  clay  is  only  associated  with  fresh  water  sedi- 
ments. 

According  to  Taylor  (31),  the  sodium  clay  remains 
flocculated  in  the  presence  of  sodium  chloride  and  is 
stable  in  the  presence  of  an  excess  of  that  salt.  On 
replacement  of  the  salt  solution  with  pure  water,  how- 
ever, the  rate  of  percolation  decreases,  the  percolate 
becomes  alkaline,  and  finally  the  sodium  clay  becomes 
impermeable. 

Russell  (27)  states:  "Sodium  clay  _  easily  hydro- 
lyzes  *  *  *.  It  is  very  sticky,  impervious  to  air,  and 
dries  into  hard,  large  lumps  which  break  down  in 
water  to  a  paste.    It  is  difficult  to  work." 

According  to  Searle  (28),  the  more  highly  dispersed 
the  hydrogen  or  H-clay,  the  more  acid  canMt  be  at  the 
optimum  silica  content. 

According  to  Taylor  (31),  the  properties  of  calcium 
clay  differ  considerably  from  those  of  sodium  clay. 
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The  hydrolysis  of  calcium  clay  is  a  much  slower  process 
and  the  calcium  clay  is  flocculated  in  the  presence  of 
fresh  water.  It  is  neutral,  pH  value  from  6.5  to  8.5, 
according  to  the  amount  of  carbonic  acid  or  calcium 
bicarbonate  present,  and  holds  more  water  in  the  air-dry 
condition  than  under  wet  conditions.  It  is  less  sticky, 
more  permeable  and  therefore  drains  more  easily.3 

NEUTRALIZERS   USED  TO   PREVENT  BASE  EXCHANGE  IN  SOILS 

The  best  way  to  insure  that  detrimental  exchange 
will  not  occur  is  to  have  the  soil  mixture  alkaline.  Lime- 
stone dust  and  granulated  slag  seem  admirably  suited 
for  use  as  pretreatments  or  with  other  admixtures  to 
neutralize  or  "sweeten"  acid  soils  and  thus  prevent 
detrimental  base  exchange. 

According  to  Russell  (27)  the  action  of  calcium  car- 
bonate on  the  soil  is,  in  principle,  very  like  that  of  any 
other  salt.  The  calcium  replaces  hydrogen  or  sodium 
in  the  clay,  thus  converting  an  acid  or  alkaline  clay 
into  the  more  usual  calcium  clay;  it  also  replaces 
acidic  hydrogen  in  humic  acid,  forming  the  so-called 
calcium  humate  or  neutral  humus. 

Dr.  Winterkorn's  work  (89)  furnishes  some  idea  of 
the  amount  of  neutralizer  which  may  be  required 
through  the  determination  of  the  exchange  capacities 
for  the  various  types  of  clays  completely  ionized  with 
hydrogen.  If  complete  replacement  occurred,  his  data 
show  the  grams  of  replaceable  hydrogen  per  1,000 
grams  of  colloid  to  be  as  follows:  Bentonite,  0.95; 
Putnam  clay,  0.65;  Wabash  clay,  0.78;  Iredell  clay, 
0.35.  It  is  hardly  likely  that  any  properly  graded  road 
surface  would  ever  contain  more  than  5  percent  of 
clay  colloid  as  active  as  the  Putnams.  If  this  is  true, 
then  in  a  road  surface  4  inches  thick  compacted  to  an 
initial  density  of  130  pounds  per  cubic  foot,  there  would 
be  but  19.5  pounds  of  colloid  per  square  yard  of  road 
surface.  In  such  case  there  would  be  0.00065X19.5  = 
0.0127  pounds  of  replaceable  hydrogen. 

The  amount  of  neutralizer  required  to  replace  com- 
pletely the  hydrogen  equals  the  molecular  weight  of 
the  neutralizer  divided  by  the  valence  of  its  metal 
times  the  amount  of  replaceable  hydrogen. 

The  molecular  weight  of  calcium  carbonate  (CaC03) 
is  100  and  calcium  has  a  valence  of  2.  The  amount  of 
calcium    carbonate    required    to    replace    the    0.0127 

pound  of  hydrogen  then  becomes  yX 0.0127  =  0.64 

pound. 

Dr.  Winterkorn's  work  further  suggested  that  in  the 
absence  of  leaching,  but  26.9  percent  of  the  total 
available  hydrogen  would  be  exchangeable  for  calcium 
ions.  Under  this  condition  but  0.17  pound  of  calcium 
carbonate  per  square  yard  of  the  road  surface  referred 
to  above  would  be  required.  However,  inability  to 
control  the  conditions  under  which  base  exchange  occurs 
in  road  surfaces  and  bases,  in  a  manner  comparable  to 
laboratory  control,  requires  the  amount  of  neutralizer 
to  be  considerably  in  excess  of  that  indicated  by  the 
computations. 

With  highly  acid  conditions,  a  maximum  of  5  pounds 
of  stone  dust  or  slag  per  square  yard  of  road  surface  or 
base  will  probably  suffice  to  prevent  detrimental  base 

8  The  above  discussion  concerns  sodium- and  calcium-ionized  clays,  found  in  nature 
or  produced  in  thelaboratory.  How  far  it  applies  to  chemically  treated  and  thoroughly 
compacted  road  soil  mixtures  is  not  known.  The  ionized  clays  can  come  into  existence 
only  when  water  has  completely  leached  out  and  replaced  the  chemical  salts  with 
which  the  clays  may  have  been  treated.  Under  no  conditions  then,  are  the  properties 
or  the  sodium  and  calcium  clays  representative  of  the  properties  of  the  same  clays 
which  contain  the  calcium  or  sodium  salts. 


exchange.     A  smaller  amount  of  hydrated  lime  might 
also  produce  the  desired  result. 

PRIMES  AND  FILLERS  USED  TO  INCREASE  SOIL  STABILITY 

Materials  that  effect  a  beneficial  change  in  the 
electrical  fields  surrounding  the  surfaces  of  the  mineral 
constituents  may  be  used  to  advantage  as  primes  when 
the  natural  soils  have  greater  attraction  for  films  of  air, 
water,  or  natural  gels  than  for  those  of  the  admixtures 
expected  to  provide  stability.  Particularly  in  the 
stabilization  of  such  materials  as  the  "blow"  sands  of 
Nebraska  and  the  beach  sands  of  Florida  is  it  likely  that 
films  of  natural  gels  would  merit  special  consideration. 

The  effect  of  such  primes  on  soils  is  similar  to  that 
produced  by  coating  a  metal  with  acid  before  the  ap- 
plication of  solder,  or  shellacking  the  knots  before 
painting  lumber. 

Winterkorn  (38),  Reagel,  and  Schappler  4  have  ex- 
perimented with  soap  primes  as  means  to  increase  the 
adhesion  between  soils  and  bituminous  materials.  The 
greater  adhesion  of  the  oil  for  the  soil  provided  by  the 
soap  pretreatment  was  demonstrated  when  a  heavy 
rain  washed  the  oil  from  a  commonly  constructed 
earth-gravel-oil  mixture  but  did  not  wash  it  from  the 
soap-treated  section.  It  was  indicated  also  that  differ- 
ent soaps  may  be  desirable  for  different  soils. 

In  1932,  Victor  Nicholson  (24)  called  attention  to 
the  effect  of  surface  chemistry  upon  the  stability  of 
asphaltic  pavements.  He  described  one  sheet  asphalt 
pavement  in  Chicago  in  which  the  sand  grains  on  the 
surface  became  partly  white  and  bare  of  asphalt  not 
long  after  construction,  as  contrasted  with  other  pave- 
ments in  which  the  asphalt  adhered  so  tenaciously  that 
they  did  not  become  white.  The  surface  whitening 
occurred  during  the  first  summer  after  the  pavement 
was  laid  and  was  as  bad  in  places  where  there  was  no 
traffic  as  where  automobiles  traveled. 

In  1927,  Mr.  A.  W.  Dow  (8)  stated  that  "If  two  pave- 
ment mixtures,  alike  in  every  way  as  to  composition, 
voids,  etc.,  are  tested  for  stability,  the  one  containing 
mineral  aggregate  with  the  highest  adsorptive  value 
will  show  the  highest  stability."  In  1929  Prevost 
Hubbard  (17)  stated:  "Indications  point  to  the  fact 
that  whether  or  not  adsorption  is  directly  responsible, 
those  sands  with  high  adsorption  values  possess  more 
pronounced  stabilizing  characteristics  than  those  with 
relatively  low  adsorption  values,  so  that  the  two  may 
go  hand  in  hand." 

Included  among  the  filler  materials  which  Nicholson 
lists  as  having  greater  affinity  for  water  than  for  asphalt 
are:  Impure  silica,  gypsum,  impure  limestone  and  com- 
mon clay.  Among  those  with  greater  affinity  for  asphalt 
than  water  are  pure  limestone  dust  and  hydrated  lime. 

Present  indications  are  that  both  calcium  chloride 
and  common  salt  are  retained  longer  in  road  mixtures 
containing  limestone  or  slag.  This  suggests  that  as  in 
the  case  of  bituminous  binders  the  lime  materials  have 
greater  attraction  for  the  chemical  admixtures  than  the 
silica  soils. 

There  is  evidence  that  the  fillers  having  the  greatest 
attraction  for  the  stabilizing  admixtures  tend  to  pro- 
vide the  entire  mineral  mixture  with  properties  pro- 
ducing a  stronger  bond  with  the  binder.  In  this  re- 
spect fillers  may  perform  an  electrochemical  as  well  as 
a  mechanical  function. 

<  See  Stabilizing  Sand  and  Gravel  Surfaces,  a  paper  presented  before  the  Kansas 
Highway  Conference,  Manhattan,  Kans.,  Feb.  5,  1934. 
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As  early  as  1910,  Prevost  Hubbard  (16)  described 
the  effect  of  rock  powTders  used  to  increase  the  bond  in 
stone  mixtures.  Quotations  from  his  book,  Dust  Pre- 
ventives and  Road  Binders  on  this  subject  are  as 
follows: 

In  another  paper  by  Cushman  on  The  Effect  of  Water  on 
Rock  Powders,  the  following  conclusions  are  reached:  (a)  "When 
water  comes  in  contact  with  most  rock  powders,  immediate 
reactions  take  place,  which  are  to  a  certain  extent  analogous  to 
those  which  take  place  with  cement  and  powdered  glass." 
(&)  "The  microscope  reveals  an  accumulation  of  amorphous 
material  of  a  gummy  appearance  largely  associated  with  the 
surfaces  of  the  crystalline  particles  as  the  action  of  water  pro- 
ceeds." (c)  "The  effect  of  wet  grinding  is  to  increase  the  bind- 
ing power  or  the  cementing  value  of  rock  powders,  and  there 
are  indications  that  the  addition  of  small  amounts  of  suitable 
electrolytes"  (soluble  inorganic  salts,  acids,  and  bases)  "to  the 
water  will  still  further  increase  the  action." 

The  last  fact  has  a  decided  bearing  upon  the  effect  of  blend- 
ing different  road-stones,  one  of  which  through  being  partially 
soluble  is  capable  of  reacting  upon  the  other  to  produce  binding 
films.  It  has  been  noticed  in  cases  in  which  macadam  roads 
weje  being  constructed  of  hard  material,  such  as  granite  or  dia- 
base, which  are  difficult  to  bond  under  the  roller,  that  the  sur- 
face quickly  compacted  and  gave  satisfactory  results  when 
treated  with  a  top  dressing  of  limestone  screenings.  This  obser- 
vation led  Cushman  and  Hubbard  to  determine  the  cementing 
value  of  mixtures  of  these  rocks  with  limestone  as  compared 
with  the  cementing  values  of  the  individual  rocks.  The  results 
of  a  number  of  tests  are  given  below  and  show  conclusively  that 
the  addition  of  limestone  to  a  feldspathic  rock  increases  the 
binding  power. 

RESULTS  OF  TESTS  OF  THE  CEMENTING  VALUE  OF  GRANITE 
MIXED  WITH  LIMESTONE 


Granite,  serial  no. 

Limestone,  serial  no. 

Cementing  value 

Granite 

Limestone 

Mixture 

1431 

1391. 

3 

9 
7 
7 
6 

27 
22 
26 
26 
20 

110 

1432... 

1342 

56 

1435 

1335 

38 

1435 

1423 

53 

1574 

1411 

82 

As  the  binding  power  of  rock  dusts  is  due  to  the  decomposi- 
tion or  hydrolysis  brought  about  by  the  action  of  water,  it 
would  follow  that  if  this  binding  power  can  be  increased  by  the 
addition  of  limestone  it  is  caused  by  further  decomposition  of 
the  materia],  brought  about  by  the  interaction  of  calcium  hy- 
droxide (Ca(OH)2),  resulting  from  the  hydrolysis  of  the  lime- 
stone particles.  This  is  demonstrated  by  the  following  results 
obtained  by  determining  the  cementing  value  of  a  number  of 
granites  when  treated  with  a  small  quantity  of  limewater,  or 
calcium  hydroxide  solution. 

RESULTS   OF  TESTS   OF   THE   CEMENTING   VALUE   OF   GRANITE 
MIXED  WITH  LIMEWATER 


Cementing  value 

Serial  no. 

Cementing  value 

Serial  no. 

Alone 

With 
lime- 
water 

Alone 

With 
lime- 
water 

810 

12 
6 
11 
12 
35 
14 
16 

21 
16 
21 
16 
45 
27 
39 

1276 

11 

10 
6 
3 
9 

7 
6 

31 

811... _. 

1329 

44 

817.. ._ 

1398.... 

1431 

18 

893... 

19 

1008 

1432 

12 

1192 

1435 

15 

1275 

1574. . 

11 

These  results  show  in  every  case  a  considerable  increase  in 
the  cementing  value  of  granites  so  treated  and  would  indicate 
that  the  addition  of  a  small  amount  of  lime  might  greatly  im- 
prove the  binding  value  of  certain  roadstones.  Of  course  the 
addition  of  a  sufficient  quantity  of  lime  would  produce  a  mortar 
in  which  the  bond  due  to  the  crystallization  of  calcium  carbonate 
will  cover  up  any  actual  increase  in  the  cementing  value  of  the 


stone  treated.  This  effect  will  also  be  produced  to  some  extent 
when  even  a  small  quantity  of  lime  is  employed,  but  results 
given  by  Lord,  who  applied  the  principles  developed  by  Cush- 
man for  rock  powders,  show  that  when  a  sample  of  chert  and 
one  of  clinker  were  so  treated  the  increase  in  cementing  value 
was  greatly  in  excess  of  that  produced  by  treating  a  chemically 
inert  slag  in  a  similar  manner.  These  results  are  given  below 
and  indicate  that  the  increase  in  cementing  value  is  due  to  the 
formation  of  a  hydrated  silicate  of  lime. 


Mineral  composition 

Cementing  value 

Material 

Alone 

With  1 

percent 

CaO 

With  4 

percent 

CaO 

Willi  8 

percent 

CaO 

With  13 

percent 

CaO 

Slag 

Chert...  . 
Clinker 

Olivene  and  gehlenite 

Amorphous  quartz 

8 
6 
4 

15 
9 
24 

33 
22 
60 

52 
106 

95 
2,  000+ 
1,400 

PLASTICITY  TESTS  IMPORTANT  IN  SELECTING   BINDERS 

Instead  of  the  chemical  tests,  the  liquid  limit  and  the 
plastic  limit  tests  performed  on  the  fraction  of  soil 
passing  the  no.  40  sieve  are  used  to  determine  the 
relative  capillary  and  cohesive  properties  of  soils  to 
be  used  as  binders. 

The  liquid  limit  (LL)  is  defined  as  that  moisture 
content,  expressed  as  a  percentage  of  the  weight  of  the 
oven-dried  soil,  at  which  10  light  shocks  will  just  cause 
the  soil  to  begin  to  flow. 

The  plastic  limit  is  defined  as  the  lowest  moisture 
content,  expressed  as  a  percentage  of  the  weight  of  the 
oven-dried  soil,  at  which  the  soil  can  be  rolled  into 
threads  one-eighth  inch  in  diameter  without  the  threads 
crumbling. 

The  numerical  difference  between  the  liquid  and  the 
plastic  limits  is  defined  as  the  plasticity  index  (PI). 

High  liquid  limits  may  be  caused  by  capillary  mois- 
ture, cohesive  films,  or  a  combination  of  both.  Cohe- 
sionless  mica  flakes,  spongy  diatomaceous  earth,  and 
colloidal  clay  could  all  have  a  liquid  limit,  say,  of  200. 
When  such  is  the  case  the  liquid  limit  of  various  mix- 
tures of  these  materials  would  also  be  200.  Thus  col- 
loidal clay  could  be  added  to  cohesionless  diatoms  in 
increasing  amounts  so  that  every  degree  of  cohesion 
would  be  represented  within  the  limits  of  the  two 
materials  without  change  in  the  liquid  limits. 

This  is  not  true  for  the  plastic  limits.  In  cohesionless 
materials  there  is  no  plastic  limit,  which  means,  at 
least  theoretically,  that  the  plastic  limit  is  equal  to  the 
liquid  limit. 

If  the  colloidal  clay  is  added  to  the  diatoms  in  increas- 
ing amounts,  the  plastic  limits  of  the  mixtures  will 
decrease  until  the  minimum  of  possibly  35  is  reached, 
the  plastic  limit  of  the  pure  colloidal  clay.  Thus  for 
equal  liquid  limits,  the  lower  the  plastic  limit  the 
greater  is  the  indication  of  the  presence  of  cohesive 
films  and  of  plastic  clays  which  furnish  cohesion. 

How  the  percentage  of  soil  binder  together  with  the 
accompanying  capillarity  required  to  produce  a  desired 
plasticity  can  be  determined  by  means  of  data  furnished 
by  the  plasticity  tests  has  been  suggested  previously 
in  Public  Roads  (12).  The  amount  of  inert  material 
required  to  reduce  excessively  high  plasticity  can  also 
be  determined  from  similar  data. 

Generally  plasticity  indexes  of  about  3  or  less  indi- 
cate sufficient  binder  cohesion  for  soil  road  surfaces  to 
be  constructed  on  locations  subject  to  unusually  wet 
conditions;  indexes  of  4  to  about  8  for  conditions  of 
average  moisture;  and  indexes  of  9  to  15  inclusive  only 
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for  the  drier  or  the  arid  conditions.  Plasticity  indexes 
exceeding  15  indicate  soils  not  suitable  for  soil  road 
construction. 

The  presence  of  the  undesirable  micaceous  substances 
and  diatomaceous,  peaty,  or  other  organic  substances 
is  indicated  by  liquid  limits^  greater  than  those  indi- 
cated by^the  expression  LL=1.6  /V+14. 

The  more  the  liquid  limits  exceed  such  values,  the 
more  unsatisfactory  the  soil  binder  is  apt  to  be  because 
of  detrimental  sponginess  and  capillarity.  Elimination 
of  such  properties  in  detrimental  amount  from  the 
final  road  mixture  may  be  accomplished  by  keeping  the 
liquid  limits  below  35. 

For  base  courses  the  material  passing  the  no.  40 
sieve  should  have  a  plasticity  index  of  not  more  than 
6  and  a  liquid  limit  of  not  more  than  25.  The  plasticity 
index  and  the  liquid  limit  should  be  determined  from 
tests  conducted  in  accordance  with  standard  A.  A.  S. 
H.  O.  and  A.  S.  T.  M.  procedures. 

EFFECT   OF    DELIQUESCENT    CHEMICALS    AND   SOLUBLE    BINDERS 
DESCRIBED 

( rranular  material  and  binder  are  affected  differently 
by  traffic.  The  vehicle  wheels  will  sink  into  roads  of 
either  pure  dry  sand  or  soft  sticky  clay.  However, 
granular  particles  have  a  tendency  to  compact,  whereas 
clays  never  lose  the  tendency  to  displace  under  traffic 
and  form  ruts.  When  a  small  amount  of  clay  is  mixed 
with  granular  material,  the  effect  of  the  vehicle  wheels 
is  to  force  the  sand  grains  closer  together.  Because  of 
this,  topsoil,  gravel,  and  similar  roads  can,  under  proper 
conditions  of  maintenance,  be  developed  into  the  dens- 
est of  surfaces  by  traffic  action  alone,  provided  the 
surfaces  are  kept  slightly  moist.  When  such  surfaces 
are  dry,  the  binder  powders  under  traffic  and  not  only 
forms  dust  but  also  permits  raveling  of  the  surface, 
which  leads  to  surface  roughness  and  eventually  to 
complete  disintegration. 

If,  however,  such  surfaces  can  be  maintained  in  a 
damp  or  slightly  moist  state,  the  binder  will  prevent  the 
separation  of  the  granular  particles  and  the  shocks  and 
blows  produced  by  vehicle  wheels  then  become  effective 
in  wedging  the  granular  fragments  into  close  association. 
Thus  the  coarser  stone,  the  sand,  and  the  binder  are 
compacted  into  hard  road  surfaces.  Binder  clay  pres- 
ent in  amount  only  slightly  in  excess  of  that  required 
to  coat  the  sand  grains  is  gradually  forced  to  the  surface 
of  the  roads  as  the  granular  fragments  consolidate, 
especially  during  wet  weather,  and  is  gradually  carried 
off  in  the  form  of  dust  or  worked  to  the  sides  of  the  road 
by  traffic.  In  this  way  the  gradings  required  for  high 
stability  may  be  automatically  attained. 

The  importance  of  maintaining  the  proper  amount  of 
moisture  in  the  surface  cannot  be  overstressed .  Absence 
of  moisture  from  soil  road  surfaces  causes  dust  and  rav- 
eling. Too  much  moisture  causes  rutting.  The  drier 
the  road  surfaces  become  between  rains  the  wetter  they 
become  when  it  does  rain.  This  is  because  extreme 
dryness  causes  small  cracks  to  form  in  the  clay  binder 
through  which  rain  water  may  enter  and  soften  the  in- 
terior of  the  road  surface.  Fissures  do  not  form  in  damp 
surfaces  of  properly  graded  roads.  Consequently  water 
is  shed  from  them  without  injurious  effect. 

It  is  the  function  of  the  deliquescent  chemicals  to 
assist  in  maintaining  moisture  in  the  surface.  Calcium 
chloride  is  sometimes  used  for  this  purpose.  Mag- 
nesium chloride  might  also  be  of  benefit.  Under  certain 
conditions  of  humidity  and  temperature  such  materials 


have  the  property  of  absorbing  moisture  from  the  air 
and  slowing  up  the  rate  at  which  soils  lose  moisture 
between  rains.  Under  certain  other  conditions  they 
have  the  property  of  releasing  their  chemically  com- 
bined moisture  to  the  surrounding  soil. 

Sodium  chloride  functions  mainly  to  retain  the 
moisture  already  present  in  the  soil  and  as  a  soluble 
binder  that  acts  as  a  cement  because  of  an  interlacing 
of  salt  crystals  formed  in  dry  weather. 

As  the  partially  dried  road  continues  to  lose  water, 
the  solution  of  sodium  chloride  in  the  surface  becomes 
concentrated  to  the  saturation  point  and  fine  crystals  are 
deposited,  forming  a  cohesive  sealcoat  of  salt  and  fine 
aggregate  that  appreciably  retards  further  evaporation. 
Additional  strength  and  stability  are  obtained  through 
the  crystallization  of  sodium  chloride  within  the  pores 
of  the  compacted  mass  as  evaporation  slowly  proceeds. 
This  filling  of  the  voids  minimizes  the  shrinkage  which 
commonly  accompanies  loss  of  moisture,  and  thus 
reduces  the  tendency  for  shrinkage  cracks  to  form. 
The  importance  of  diminution  of  shrinkage  in  this  way 
will  be  realized  when  it  is  considered  that  any  shrinkage 
of  the  clay  binder  causes  it  either  to  crack  or  pull  away 
from  the  coarse  aggregates  and  thus  allow  the  latter  to 
become  dislodged  under  traffic. 

Treatment  with  either  calcium  chloride  or  sodium 
chloride  (common  salt)  effects  a  decrease  in  the  volume 
change  and  an  increase  in  the  density  and  stability  of 
graded  road  mixtures;  the  calcium  chloride  does  this 
through  electrolytic  and  deliquescent  properties,  and 
the  sodium  chloride  through  electrolytic  and  crystalline 
properties.  Generally,  the  surfaces  treated  with 
sodium  chloride  are  harder,  with  a  dryer  appearance 
and  slightly  more  dust,  than  the  surfaces  treated  with 
calcium  chloride. 

Because  solutions  of  calcium  chloride  and  sodium 
chloride  have  lower  vapor  pressures  than  does  water, 
the  evaporation  of  moisture  from  soil  mixtures  wetted 
with  these  salt  solutions  is  definitely  slower  than  from 
similar  mixtures  moistened  with  water.  These  salts  in 
a  stabilized  road  mixture  therefore  tend  to  conserve 
its  moisture. 

The  value  of  this  ability  to  conserve  moisture  is  most 
apparent  during  compaction  of  the  stabilized  mat  in 
which  the  salt  has  been  incorporated.  The  plasticity 
of  the  clay  component  is  maintained  over  a  longer 
time,  thus  prolonging  the  period  during  which  com- 
paction is  taking  place  and  permitting  compression  of 
the  aggregate  into  a  denser  mass,  with  thinner  and 
consequently  stronger  and  more  lasting  binding  films 
than  would  otherwise  be  obtained. 

Roads  treated  witn  calcium  chloride  or  sodium 
chloride  may  become  coated  with  a  thin  layer  of  mud 
during  wet  weather.  However  it  is  believed  that  much 
of  tlris  is  the  result  of  an  excess  of  soil  binder  or  the  use 
of  a  binder  having  too  much  plasticity.  Use  of  these 
chemicals  will  not  prevent  loss  of  stability  caused  by 
faulty  proportioning  of  soil  materials  in  the  mix. 
Proper  grading  of  soil  materials  is  an  essential  require- 
ment in  the  stabilization  procedures  involving  the 
use  of  either  calcium  chloride  or  sodium  chloride. 
However,  studies  of  the  performance  of  more  than  150 
miles  of  salt-treated  roads  and  approximately  2,000 
miles  of  calcium-chloride  treated  roads  indicate  that, 
when  used  with  properly  designed  soil  mixtures,  these 
chemicals  have  an  important  place  in  the  highway  field. 

In  the  construction  of  soil  base  courses  for  either  bitu- 
minous  surface    treatments   or   higher   type   wearing 
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Figure  15. — Effect    of    Electrolytes    and    Fillers    upon 
the  Density  of  Compacted  Soils. 

courses  the  use  of  chemicals  may  be  of  especial  benefit. 
Soil  mixtures  for  bases  should  have  lower  clay  content 
tban  that  required  in  stable  surface  courses.  Compac- 
tion of  such  bases  by  traffic  prior  to  the  application  of 
the  surfacing  is  desirable.  Only  by  the  use  of  water- 
retentive  chemicals  can  base  mixtures  lean  in  binder  be 
kept  from  dusting  and  raveling  excessively  under  traffic. 

The  effect  of  salt  solutions  as  well  as  other  materials 
on  the  density  of  compacted  soils  is  illustrated  in 
figure  15. 

Curve  1,  figure  15,  shows  the  dry-weight,  moisture- 
content  relation  for  the  Arlington  soil  with  no  admix- 
ture. Curve  2  shows  the  relation  for  the  Arlington  soil 
containing  an  admixture  of  5  percent  by  weight  of 
hydrated  lime.  Curve  3  shows  the  relation  for  the  soil 
with  an  admixture  of  2  percent  by  weight  of  sodium 
silicate.  Curves  2  and  3  are  both  below  and  slightly 
to  the  right  of  curve  1.  The  dry-weight,  moisture-con- 
tent relations  for  the  Arlington  soil  with  admixtures  of  5 
percent  by  weight  of  ground  slag,  curve  4,  5  percent 
sodium  chloride,  curve  5,  and  5  percent  sodium  hypo- 
sulphite, curve  6,  are  shown  in  figure  15  by  curves  above 
and  to  the  left  of  curve  1.  For  curves  2  and  3  the  opti- 
mum moisture  contents  are  greater  and  the  densities 
less  than  for  curve  1 ;  the  opposite  is  true  for  curves 
4,  5,  and  6. 

Table  6  summarizes  the  results  of  a  series  of  tests 
made  to  determine  the  effect  of  various  electrolytes  and 
other  admixtures  upon  the  compacted  densities  of  the 
three  soils.  Figure  16  shows  the  effect  of  the  quantity 
of  sodium  chloride  admixture  upon  the  compacted 
densities  of  the  Arlington  soil. 

INSOLUBLE   ADHESIVES   RENDER  SOIL   RESISTANT   TO   CAPILLARY 
MOISTURE 

Portland  cement  and  bituminous  materials  are  the 
admixtures  that  have  been  experimented  with  and  used 
most  up  to  this  time.  Other  admixtures  that  might 
prove  satisfactory  are  dual  treatments  with  sodium 
silicate  and  calcium  chloride  to  produce  insoluble  cal- 
cium silicate,  also  dual  treatment  with  ferric  chloride  and 
ammonia  to  produce  the  highly  adhesive  ferric  hydroxide. 
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Figure  16. — Effect    of    Electrolytes    upon    the    Density 
of  Compacted  Soils. 

Table  6. — Effect  of  various  admixtures  on.  the  optimum  moisture 
contents  ami  dry  weights  of  various  soils 


Soil  admixture 


Kind 


None 

NaCl  solution 

CaCh  solution 

Sodium  hyposulphite 

Hydrated  lime 

Soda  ash 

Sodium  silicate 

Ground  slag 

Ground  limestone 

Ferric  chloride 

Raylig  ' 

Tannic  acid.. __. 

Cement 

Bituminous  material ! 


Amount 


Pet. 


Arlington 


Opti- 
mum 
mois- 
ture 
con- 
tent 


Pet. 

16.  1 
13.8 
14.0 

13.  3 
18.0 

14.  9 
15.3 
15.0 
16.8 
14.5 
11.9 
15.4 
15.2 
14.0 


Dry 
weight 

at  opti- 
mum 
mois- 
ture 

content 


Lb.  per 
cu.  ft. 
1 10.  ti 
115.8 
115.4 
119.4 
105.8 
114.9 
100.0 
112.8 
111).  I) 
115.5 
114.  1 
110.3 
112.4 
109.0 


Iredell 


Opti- 
mum 
mois- 
ture 
con- 
tent 


Pet. 
24.6 
18.4 
20.8 
20.9 
24.3 
21.7 
25.7 
21.8 
18.9 
22.8 
23.0 
24.1 
22.  4 
20.8 


Dry 
weight 
at  opti- 
mum 
mois- 
ture 
content 


Lb.  per 
cu.ft. 
100.6 
109. 6 
107.5 
106.  8 

98.2 
UM.il 

01.0 
105. 1 
103.  :i 
102.  9 

98.5 

97.7 
101.  0 

98.2 


Vtanoi 


Opti- 
mum 
mois- 
ture 
con- 
tent 


Pet. 

16.3 
14.5 
15.2 
16.5 
18.2 
16.6 
10.0 
17.5 
16.8 
17.5 
13.8 
16.5 
17.  1 
16.5 


Dry 
weight 
at  opti- 
mum 
mois- 
ture 
content 


Lb.  per 

cu.ft 
108.6 
112.4 
112.2 
110.  1 
104.  6 
112.2 
102.1 
106.8 
107.2 
109.0 
109.0 
106.0 
103.2 
103.0 


1  Waste  sulphite  liquor. 

2  Applied  in  an  emulsion. 

In  stabilization  with  insoluble  adhesives,  the  fact 
that  the  films  of  adhesives  might  be  thicker  than  those 
of  moisture  or  solutions  of  electrolytes,  at  the  same 
degree  of  soil  compaction,  has  no  significance  with 
respect  to  the  relative  stability  of  the  soil  with  the 
different  films.  The  use  of  insoluble  adhesives  is  not 
expected  or  intended  to  render  the  soil  sufficiently  hard 
or  tough  to  resist  the  abrasive  action  of  traffic,  but 
simply  to  render  the  soil  resistant  to  water  from 
capillarity  and  thus  to  retain  the  same  bearing  strength 
that  the  soil  has  when  in  a  dry,  compacted  condition. 

In  1925  Goldbeck  (11)  reported  the  results  of 
laboratory  experiments  which  showed  that  additions 
of  5  percent  of  hydrated  lime  and  portland  cement 
have  the  effect  of  decreasing  the  volumetric  change 
caused  by  variations  in  moisture  content  and  likewise 
of  increasing  the  bearing  value  of  plastic  soils  that 
contain  up  to  their  limit  of  capillary  moisture.  The 
results  of  these  tests  are  shown  in  figure  17. 

Additional  evidence  that  cohesive  binders  in  soils 
are  likely  to  prevent  both  then*  expansion  and  dis- 
integration caused  by  water  absorption  resulted  from 
tests  that  have  been  reported  (IS).  Figure  18  shows 
six  soil  cakes  representing  soil  existing  at  different 
depths  in  a  subgrade  located  at  Arlington,  Va.  The 
subgrade  was  treated  with  water-gas  tar  in  1923. 
These  cakes  were  compressed  in  a  semidry  state,  dried 
to  constant  weight,  and  immersed  in  water  for  2  weeks 
in  1929.     The  two  cakes  shown  on  the  left  contained 
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Figure  17. — Effect    of    Lime   and    Cement   on   Shrinkage 
and  Bearing  Value  of  a  Soil. 

tar  in  appreciable  amount  and  exhibited  no  signs  of 
disintegration.  The  third  cake  from  the  left  contained 
but  a  small  amount  of  tar  and  crumbled  to  a  slight 
degree  along  the  top  edges.  The  fourth  cake  from  the 
left  contained  but  a  slight  trace  of  tar  and  crumbled 
in  appreciable  amount  near  the  top.  The  two  cakes  on 
the  right  contained  no  visible  trace  of  tar  and  disinte- 
grated to  a  marked  extent. 

Figure  18  also  shows  the  effect  of  portland  cement 
and  bituminous  material  on  a  silt  soil  (14).  Sample  1 
was  untreated  and  slaked  completely  when  immersed 
in  water  for  a  few  minutes.  Sample  2  was  treated 
with  portland  cement,  and  sample  3  with  bituminous 
material.  Both  samples  2  and  3  showed  no  evidence 
of  slaking  during  periods  of  immersion  lasting  several 
months. 

Efforts  to  stabilize  fine-grained  soils  by  admixtures  of 
lime  and  cement  materials  were  made  in  Iowa  and 
South  Dakota  as  early  as  1924  and  in  Ohio  several 
years  later.  The  results  of  early  work  were  not  par- 
ticularly promising  but  they  should  not  be  considered 
as  indicating  the  possibilities  of  such  treatments, 
because  the  requirements  of  thorough  distribution  of 
admixture,  high  degree  of  compaction,  and  protective 
surface  treatment  now  deemed  necessary  were  not 
recognized  in  the  earlier  work. 

More  recent  research  on  the  use  of  portland  cement 
for  stabilizing  soil  bases  was  performed  in  South 
Carolina  by  the  State  highway  department.  The 
purpose  of  this  work  has  been  to  develop  a  base  material 
that  could  be  constructed  at  less  cost  than  that  required 
to  provide  one  of  properly  graded  sand-clay  or  top  soil. 

Experimental  work  in  the  treatment  of  soils  with 
bituminous  materials  has  recently  been  conducted  in 
various  parts  of  the  country.  Sections  of  highway 
have  been  constructed  using  different  grades  of  tars, 
road  oils,  and  bituminous  emulsions.     Airplane  landing 


Figure  18. — Upper;  Soil  Samples  Containing  Water-Gas 
Tar  in  Various  Amounts,  Photographed  After  Immer- 
sion in  Water  for  a  Period  of  Two  Weeks.  Lower; 
The  Effect  of  Portland  Cement  and  Bituminous  Mate- 
rial on  the  Slaking  Properties  of  a  Silt  Soil. 

fields    have    also    been    stabilized    with    bituminous 
materials. 

The  use  of  the  combined  sodium-silicate  and  calcium- 
chloride  treatment  has  been  confined  largely  to  the 
stabilization  of  coarse-grained  soils  supporting  buildings 
and  other  structures. 

VARIOUS   METHODS    USED  IN  SOIL   ROAD   CONSTRUCTION 

The  following  is  a  general  description  of  the  best 
practice  that  has  been  developed  to  date  in  the  con- 
struction of  stabilized  road  surfaces.  It  should  be  used 
only  as  a  general  guide  and  it  may  be  expected  that 
better  methods  will  be  developed. 

When  a  highway  is  built  on  a  new  location,  a  suffi- 
ciently wide  roadbed  or  subgrade  is  first  constructed, 
using  available  materials.  Loose,  sandy  subgrades 
should  be  improved  by  the  addition  of  soil  binder;  soft, 
unstable  subgrades  should  be  improved  by  the  addition 
of  granular  material.  The  added  material  should  be 
thoroughly  mixed  into  the  subgrade  by  harrowing  or 
blading,  after  which  the  subgrade  is  brought  to  true 
alinement  and  grade  by  blading  and  rolling.  Excess 
subgrade  material  that  is  suitable  for  use  as  binder  for 
the  wearing  course  can  be  bladed  to  the  shoulders  of 
the  road  and  left  in  windrows  during  the  preparation 
of  the  subgrade. 

When  an  existing  highway  is  improved,  material  is 
added  or  taken  away  to  obtain  the  desired  width,  grade, 
and  alinement.  Soil  binder  or  granular  material  is 
added  in  sufficient  amount  to  obtain  a  stable  mixture, 
and  is  thoroughly  mixed  into  the  subgrade  by  harrowing 
or  blading. 

There  are  three  methods  for  obtaining  the  desired 
mixture — plant  mixing  and  road  mixing,  and  by  using 
the  "cut  and  try"  method. 

Plant  mixing.- — The  essential  requirements  of  a  plant- 
mix  job  are  a  source  of  satisfactory  binder  in  close 
proximity  to  the  supply  of  coarse  aggregate  to  be  used; 
means  for  drying  and  pulverizing  the  binder;  apparatus 
for  measuring  the  quantities  of  binder  and  aggregate 
to  obtain  the  proper  proportions;  and  equipment  for 
thorough  mixing  of  the  combined  materials. 

An  ideal  location  for  a  mixing  plant  such  as  that 
shown  in  the  lower  picture  in  figure  19  is  near  a  place 
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where  the  overburden  consists  of  a  clay  soil  having 
satisfactory  binder  properties.  This  overburden  may 
be  stripped  and  stockpiled  in  windrows  so  that  it  will 
dry  sufficiently  to  be  pulverized  under  a  roller.  The 
clay  should  then  be  combined  with  an  aggregate  of 
proper  grading  in  such  proportions  that  the  resulting 
mixture  will  conform  to  the  specifications.  Thorough 
mixing  should  be  provided  by  means  of  a  pug  mill  or 
rotary-type  mixer. 

In  some  plant  mixes,  bank-run  gravel  and  the  existing 
overburden  have  been  used  and  the  drying  and  pulver- 
izing steps  have  been  eliminated  by  passing  the  com- 
bined materials  through  a  rotary  screen  or  over  a  grill 
to  remove  oversize  material. 

The  mixture  is  hauled  to  the  road,  spread,  sprinkled, 
shaped,  and  rolled.  The  principal  advantage  of  the 
plant-mix  method  is  that  a  more  thorough  mixing  of 
the  binder  and  aggregate  is  obtained. 

Road  mixing. — The  necessary  equipment  for  mixing 
the  materials  on  the  road  includes  tractor-drawn  or 
self-propelled  blade  graders,  scarifiers,  harrows,  and 
other  apparatus  for  mixing,  moistening,  spreading,  and 
compacting  the  base-  and  wearing-course  materials. 
Scarifiers  may  be  either  of  the  four-wheel  type  or  of 
the  type  attached  to  the  roller.     (See  fig.  20A.) 

Disk  harrows  should  be  such  that  unintended 
cutting  into  the  subgrade  can  be  avoided.  Either  the 
spring  or  spike-tooth  harrows  that  assure  positive 
control  of  the  depth  to  which  the  teeth  will  penetrate 
are  satisfactory.  For  mixing  and  shaping,  power- 
drawn  blade  graders  with  a  wheel  base  of  not  less  than 
16  feet  are  satisfactory.  (See  fig.  20B.)  Multiple- 
blade  maintainers  may  be  of  the  truck-suspended  or 
drawn  type. 

The  surfaces  of  existing  roads  should  be  scarified 
deep  enough  to  eliminate  all  irregularities  of  the  surface 
and  to  permit  reshaping  to  grade.  After  the  loosened 
material  is  shaped  to  grade,  the  surface  should  be 
scarified  to  a  uniform  depth.  New  material,  if  re- 
quired, should  be  spread  on  the  loosened  surface  in 
amount  sufficient  to  furnish  a  compacted  layer  of 
approximately  3  inches.  If  greater  surface  thickness 
is  desired,  additional  layers  should  be  constructed. 

The  material  is  mixed  until  it  is  uniform  throughout 
by  means  of  harrowing  and  turning  with  blade  graders. 
The  water  required  to  obtain  the  proper  moisture 
content  in  the  wearing  course  is  supplied  in  the  follow- 
ing manner.  After  the  mixture  of  binder  and  grave) 
is  bladed  onto  the  shoulders  of  the  road,  the  base  is 
moistened  uniformly  using  a  suitable  sprinkler,  and 
approximately  one-fourth  of  the  material  from  the 
windrows  is  bladed  immediately  onto  the  moistened 
base.  The  newly  distributed  road  material  is  then 
similarly  moistened  and  covered  as  before  with  one- 
fourth  of  the  original  windrowed  mixture.  These 
operations  are  repeated  until  the  last  layer  of  dry 
mixture  has  been  placed. 

Before  moistening  this  top  surface  material,  the 
road  is  shaped  and  compacted.  Because  properly 
graded  mixtures  contain  enough  granular  material  to 
provide  for  mechanical  interlocking,  a  load  applied  at 
the  top  of  an  unconsolidated  or  partially  consolidated 
layer  is  readily  transmitted  vertically  and  causes 
consolidation  throughout  the  thickness  of  the  layer. 
Consequently  any  means  of  applying  adequate  load 
whether  it  be  a  flat-wheeled  roller,  a  crawler-type 
tractor,  truck  graders,  other  trucks,  or  vehicular 
traffic,  will  assist  in  the  compaction  of  graded  mixtures. 
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Figure  19. — Mixing  Equipment  Used  in  Stabilized  Sou. 
Road  Construction.  Upper;  The  Clay  Overburden  and 
Gravel  are  Mixed  in  Proper  Proportions  and  Loaded 
Directly  into  Trucks.  Lower;  This  Plant  was  Used 
to  Mix  Clay  Overburden  and  Graded  Crushed  Stone 
from  an  Adjacent  Quarry. 

After  shaping  and  initial  compacting  are  completed  the 
surface  is  thoroughly  dampened  and  again  compacted. 
During  the  period  of  final  compaction  the  loose  ma- 
terial should  be  kept  distributed  over  the  road  surface 
by  means  of  a  road  drag  or  blade  grader.  The  amount 
of  crown  maintained  by  blading  operations  should  be 
sufficient  to  provide  for  the  rapid  run-off  of  storm 
water  in  order  to  prevent  the  formation  of  pools  of 
water  on  the  road  surface.  Pitting  of  the  surface  is  an 
indication  that  the  crown  is  too  slight. 

"CUT  AND   TRY"   METHOD  USEFUL   UNDER  CERTAIN  CONDITIONS 

In  the  construction  of  roads  on  farms,  and  from 
farms  to  adjoining  local  roads,  or  under  similar  con- 
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Figure  20. — Steps  in  the  Construction  of  Stabilized  Soil  Roads.  A,  Scarifying  a  Gravel  Road;  the  Loosened  Aggre- 
gate Will  Be  Used  in  the  Stabilized  Mixture.  B,  Mixing  the  Dry  Materials  with  a  Blade  Grader.  C,  Mixing 
the  Dry  Materials  for  a  Cement-Treated  Road  with  a  Disk  Harrow.  D,  Compacting  the  Wet  Materials  on  a 
Cement-Treated  Road. 


ditions  where  facilities  for  making  precise  determina- 
tions of  grading  of  materials  may  not  be  available,  the 
proper  grading  to  furnish  stability  may  be  determined 
by  "cut  and  try"  methods. 

The  "cut  and  try"  method  has  been  used  extensively 
in  the  construction  of  traffic-bound  roads.  Essentially, 
it.  consists  of  adding  granular  materials  to  surfaces  that 
become  excessively  muddy  during  wet  weather  and 
adding  clay  soil  to  loose,  sandy,  and  gravelly  materials. 
The  amount  of  either  material  added  may  vary  con- 
siderably for  different  conditions  and  must  be  deter- 
mined by  trial.  Usually,  granular  material  is  added 
in  layers  several  inches  thick.  If,  after  this  material 
is  worked  into  the  soil,  a  muddy  condition  persists  in 
rainy  weather,  more  granular  material  is  added.  If  too 
much  granular  material  is  added  the  surface  becomes 
loose  and  will  not  compact  properly.  Care  should  be 
taken  to  avoid  adding  an  excess  of  clay  to  granular 
material,  as  when  granular  material  is  added  to  a  clay 
surface  the  granular  material  may  make  up  as  much 
as  SO  percent  of  the  total  surface  course,  but  a  very 
small  amount  of  clay,  possibly  only  15  percent,  will  be 
required  to  stabilize  loose  sands  and  gravels.  An  ef- 
fort should  be  made  to  powder  the  clay  as  finely  as 
possible. 

A  sample  of  well-graded  sand  and  binder  soil  may 
assist  in  the  selection  of  soil  mixtures  that  have  the 
desired  properties. 

If  a  sample  of  well-graded  material  is  wetted  and 
squeezed  in  the  hand,  the  following  characteristics  will 


be  noted:  (a)  The  soil  is  extremely  gritty ;  (b)  it  can  be 
formed  into  definite  shapes  that  retain  their  forms  even 
when  dried;  (c)  if  the  clay  alone  adheres  to  the  hands, 
it  will  only  be  enough  to  discolor  them  slightly;  {d)  if 
more  than  enough  soil  to  discolor  the  hands  adheres  to 
them,  it  will  consist  of  both  sand  and  clay  instead  of 
clay  alone;  and  (e)  when  the  wetted  sample  is  patted  in 
the  palm  of  the  hand  it  will  compact  into  a  dense  cake 
that  cannot  be  penetrated  readily  with  a  blunt  stick  the 
size  of  a  lead  pencil.  These  characteristics  indicate 
well-graded  material.  The  grittiness  of  the  sample 
indicates  the  presence  of  sufficient  granular  material. 
Development  of  some  strength  on  drying  indicates  a 
sufficient  amount  of  binder  soil.  Resistance  to  the 
penetration  of  the  pencil  or  stick,  even  when  the  sample 
is  thoroughly  wetted,  indicates  a  desirable  interlocking 
of  the  grains  and  the  presence  of  a  sufficient  amount  of 
capillary  force. 

Too  much  sand  would  cause  the  sample  to  fall  apart 
when  dried.  Too  much  clay  would  leave  the  hand 
muddy  after  the  wet  sample  was  squeezed  and  would 
cause  the  wet  sample  after  being  patted  to  offer  little 
resistance  to  the  penetration  of  the  stick. 

ADMIXTURES  APPLIED  BY  SIMPLE   METHODS 

In  plant  mixing,  calcium  chloride  is  generally  added 
to  the  mixture  at  the  plant.  In  road  mixing  calcium 
chloride  is  applied  in  the  following  manner: 

After  the  new  and  old  soil  materials  have  been  spread 
over  the  prepared  base  in  sufficient   thickness,   they 
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should  be  covered  uniformly  with  flake  calcium  chlo- 
ride in  the  amount  of  ){  pound  per  square  yard  per  inch 
of  thickness,  with  a  maximum  of  2  pounds  per  square 
yard.  The  spreaders  should  be  capable  of  spreading 
the  chemical  uniformly  and  in  the  desired  quantities. 
The  calcium  chloride  is  then  thoroughly  worked  into 
the  soil  by  harrowing  and  blading  until  the  surfacing 
material  is  uniform  throughout.  Sprinkling  and  shap- 
ing into  a  finished  surface  is  then  accomplished  in  the 
same  manner  as  in  the  case  of  the  untreated  roads 
already  described. 

In  construction  using  the  cut-and-try  method,  cal- 
cium chloride  may  be  applied  to  the  road  surface  after 
its  condition  indicates  that  a  proper  gradation  of  mate- 
rials has  been  obtained.  The  chemical  may  be  applied 
by  mechanical  spreaders  as  on  road  mix  jobs  or  it  can 
be  conveniently  spread  by  means  of  a  hand  shovel. 

Calcium  chloride  should  not  be  applied  during  pe- 
riods of  cold,  wet  weather.  The  most  favorable  time 
for  a  surface  application  of  calcium  chloride  is  during 
the  drying  period  just  following  a  rain,  after  the  surface 
has  been  bladed  to  proper  smoothness.  The  moisture 
in  the  road  at  that  time  hastens  solution  and  penetra- 
tion. In  the  absence  of  rain,  application  in  the  early 
hours  of  the  day,  when  the  air  has  high  relative  hu- 
midity, is  very  desirable.  Calcium  chloride  applied 
just  prior  to  a  rain  will  probably  be  washed  off  the  road 
and  consequently  afford  little  or  no  benefit.  When 
blading  of  the  calcium-chloride  treated  road  is  re- 
quired, it  should  be  done  after  rains  or  commenced 
near  the  end  of  a  rain.  At  other  times  the  surfaces 
may  be  too  hard.  For  patching  holes  an  admixture  of 
100  to  150  pounds  of  calcium  chloride  per  cubic  yard  of 
graded  soil  is  recommended. 

Need  for  extensive  patching  during  dry  weather  can 
be  minimized  or  eliminated  by  periodic  maintenance  with 
light  applications  of  calcium  chloride  during  the  season. 

In  the  use  of  calcium  chloride  as  a  dust  palliative,  it 
has  long  been  known  that  this  material  remained  effec- 
tive for  much  longer  periods  in  gravel  having  a  clay 
binder  than  in  gravel  having  a  sandy  filler.  It  has 
also  been  apparent  that  the  presence  of  loose  gravel 
tended  to  shorten  the  useful  life  of  a  treatment.  The 
intermittent  movement  of  such  loose  gravel  by  traffic 
and  maintenance  operations  exposes  new  surfaces  to 
the  air  and  promotes  evaporation. 

Sodium  chloride  may  be  added  at  the  plant  for  a  plant 
mix  or  to  the  mixture  on  the  road  for  a  road  mix.  Rock 
salt  has  been  used  most  generally,  but  any  commercial 
type  of  pure  salt  or  salt  brine  is  satisfactory.  The 
coarser  grades  of  rock  salt  are  well  adapted  for  stabili- 
zation, as  they  remain  free-flowing  and  can  be  more 
uniformly  spread  than  the  finer  gradations,  which  will 
absorb  moisture  and  cake  when  stockpiled  along  the 
road.  The  salt  should  contain  not  less  than  98  percent 
of  pure  sodium  chloride. 

When  sodium  chloride  is  applied  in  the  form  of 
brine  any  of  the  gradations  of  the  salt  may  be  used, 
since  the  condition  of  the  salt  before  it  is  dissolved  is 
unimportant.  The  stabilized  mixture  will  remain 
plastic  longer  if  all  of  the  salt  has  been  dissolved,  thus 
permitting  rolling  and  compacting  to  be  continued  over  a 
long  period  of  time  with  the  possibility  of  attaining  grea  ter 
ultimate  compaction.  There  should  be  enough  water  to 
moisten  the  soil  somewhat  above  the  plastic  limit. 

In  Indiana  it  was  found  that  from  %  to  1 ){  gallons  of 
water   per   square   yard   per'   inch   of    thickness   were 


needed  to  moisten  the  mixture  satisfactorily.  This 
was  slightly  more  than  20  percent  by  weight  of  the  soil 
fines.  If  there  is  overwetting  of  the  surface  mixture, 
there  is  danger  of  vehicles  cutting  through  the  surface 
course  and  mixing  it  into  the  subgrade. 

Water  is  usually  added  by  means  of  pressure  dis- 
tributors, sprinkler  wagons,  or  gravity  tank  trucks. 
It  is  preferable  to  make  several  trips  over  the  section 
under  construction,  sprinkling  lightly  on  each  trip. 
This  gives  the  moisture  a  chance  to  penetrate  suffi- 
ciently and  does  not  result  in  a  sloppy  condition  on 
the  surface.  The  amount  of  salt  used  varies  somew  ha  I 
in  the  different  States.  The  usual  amount  is  about  '2 
pounds  per  square  yard  per  3-inch  thickness  of  road 
constructed.  Indiana  requires  %  pound  per  square 
yard  per  inch  thickness,  regardless  of  thickness  of  the 
road  constructed. 

During  prolonged  dry  periods  the  fine  aggregate 
may  wear  off  of  a  sodium-chloride  treated  surface, 
leaving  the  larger  aggregate  particles  protruding. 
This  condition  can  be  corrected  by  covering  the  surface 
to  a  depth  of  about  %  inch  with  properly  proportioned 
soil  mixtures  containing  about  100  pounds  of  sodium 
chloride  per  cubic  yard.  When  damp  the  mixture 
makes  a  satisfactory  bond  with  the  worn  surface 
without  scarification. 

If,  during  periods  of  rainfall,  the  top  eighth  or  quar- 
ter of  an  inch  of  stabilized  roads  becomes  plastic, 
crushed  aggregate  should  be  added  to  the  surface  in 
amounts  of  about  50  to  70  tons  per  mile.  This  aggre- 
gate should  have  a  maximum  size  of  about  %  inch  and 
should  be  free  from  dust  and  sand.  The  material 
should  be  spread  over  the  surface  and  kept  uniformly 
distributed  as  long  as  the  surface  is  wet.  The  thin 
surface  layer  of  fines  acts  as  a  cementing  agent  for  the 
coarse  aggregate  that  has  been  added.  This  results 
in  a  satisfactory  driving  surface,  adds  some  additional 
thickness  to  the  road,  fills  up  any  depressions  that  may 
have  developed,  and  reduces  the  tendency  for  pot  holes 
to  form. 

STABILIZATION    OF    FINE-GRAINED    AND    POORLY    GRADED    SOILS 
REQUIRES  SPECIAL  CARE 

Practice  in  the  stabilization  ol  fine-grained  soils  differs 
in  several  respects  from  the  procedures  used  in  the 
construction  of  roads  with  well-graded  mixtures. 
Care  must  be  taken  to  provide  for  the  optimum  mois- 
ture contents  when  only  water  or  electrolytes  are  used 
as  admixtures,  because  it  is  particularly  important 
to  obtain  the  maximum  density. 

Special  means  are  needed  to  insure  uniform  distri- 
bution of  all  materials  when  cement  and  bituminous 
materials  are  used  as  binders  and  when  crushed  rock, 
slag,  etc.,  are  used  as  primers  or  neutrahzers.  This 
is  because  of  the  much  greater  surface  area  to  ho 
covered  in  the  fine-grained  materials.  A  cubic  foot 
of  sand  composed  of  grains  1  millimeter  in  diameter 
has  a  total  interstitial  surface  area  of  about  1,000 
square  feet;  that  of  the  same  volume  of  silt  composed 
of  grains  0.02  millimeter  in  diameter  is  about  50,000 
square  feet,  or  more  than  1  acre;  and  that  of  a  cubic 
foot  of  material  composed  of  grains  only  0.001  milli- 
meter in  diameter  is  about  1,000,000  square  feet,  or 
about  23  acres.  It  has  been  estimated  that  a  cubic 
foot  of  ordinary  loam  soil  has  a  surface  area  of  about 
1  acre,  and  that  of  an  equal  amount  of  fine  clay  soils 
is  about  4  acres. 
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Compacting  equipment  designed  to  produce  a  pre- 
determined degree  of  densification  during  construc- 
tion must  be  used,  instead  of  depending  upon  traffic 
to  produce  the  maximum  density  afterward,  although 
traffic  may  cause  a  slight  increase  in  density  under 
certain  conditions.  When  coarse  particles  are  absent, 
or  are  present  in  such  amounts  that  they  are  surrounded 
by  the  cohesive,  fine-grained  particles,  the  effect  of  a 
load  applied  to  a  layer  of  such  material  is  to  consolidate 
that  portion  immediately  beneath  the  load  without 
adequately  compacting  the  particles  in  the  lower  part 
of  the  layer.  Consequently,  rolling  fine-grained  soils 
with  a  flat-wheel  roller  may  produce  undesirable  strati- 
fication and  insufficient  consolidation.  The  prongs  of 
a  sheep's-foot  or  tamping-type  roller,  or  equipment 
that  produces  similar  effect,  are  required  to  penetrate 
the  unconsolidated  material  and  compact  the  layer 
from  the  bottom  upward  in  order  for  the  layer,  to  be 
consolidated  uniformly  throughout  its  thickness  with- 
out stratification. 

When  only  water  or  electrolytes  are  used  as  admix- 
tures, it  is  especially  important  that  the  soils  should 
be  compacted  by  means  of  a  sheep's-foot  roller,  or 
apparatus  giving  similar  effect,  at  optimum  moisture 
content  and  to  a  density  indicated  by  the  Proctor  tests. 
Construction  with  admixtures  of  portland  cement  and 
bituminous  materials  does  not  require  such  extreme 
care  in  order  to  obtain  satisfactory  results. 

Bituminous  surface  treatments  are  required  to  pro- 
vide fine-grained  soil  roads  with  the  resistance  to  abra- 
sion and  softening  under  traffic  furnished  by  the  coarse 
aggregate  in  graded  soil  mixtures. 

Stabilization  with  cement  and  bituminous  materials. — 
The  construction  methods  used  on  experimental  work 
in  South  Carolina  (23)  were  substantially  as  follows: 
The  cement  was  spread  on  top  of  the  pulverized  soil  at 
the  rate  of  about  one  sack  per  linear  foot  of  roadway 
18  feet  wide.  The  dry  soil  and  cement  were  mixed 
with  disk  harrows  supplemented  by  a  disk  plow  or  road 
machine  (fig.  20c).  Water  was  then  added  at  the  rate 
of  about  8  gallons  per  linear  foot  and  compaction  was 
accomplished  by  means  of  loaded  trucks  with  dual 
tires  (fig.  20d).  The  surface  was  finished  with  a  blade 
grader  after  compaction.  A  bituminous  surface  treat- 
ment was  applied  subsequently  to  provide  against  sur- 
face abrasion. 

All  of  the  experimental  sections  are  reported  to  be 
in  good  condition  at  the  present  time  and  no  disintegra- 
tion has  been  observed. 

Construction  with  bituminous  emulsion  is  illustrated 
by  a  project  in  Solano  County,  Calif.,  described  by 
C.  L.  McKesson  [21).  Laboratory  studies  indicated 
that  the  natural  adobe  clay  soil  could  be  stabilized  to 
a  depth  of  3  inches  with  about  3  gallons  of  55  percent 
emulsified  asphalt.  By  adding  2  parts  of  quarry  waste 
to  1  part  of  the  clay,  stabilization  was  accomplished 
with  1  gallon  of  emulsion  per  square  yard,  a  saving 
after  paying  for  the  quarry  waste  of  about  5  cents  per 
square  yard.  The  construction  methods  were  as 
follows: 

The  quarry  waste  was  uniformly  spread  on  the  clay 
subgrade  to  a  loose  depth  of  1%  inches  and  scarified 
into  the  natural  clay.  The  loose  mixture  was  4%  inches 
thick.  The  clay  and  quarry  waste  were  well  mixed 
by  harrowing. 

The  soil  mixture  was  then  dampened  with  about  2 
gallons  per  square  yard  of  water  and  the  water  was  mixed 
in  by  harrowing. 


The  emulsified  asphalt  was  then  applied,  after  dilu 
tion  with  four  parts  of  water  (fig.  21). 

The  diluted  emulsified  asphalt  was  applied  in  six 
applications.  After  the  first  application  of  emulsion 
the  mixture  was  harrowed  and  then  the  top  inch  of  the 
mixture  was  bladed  to  the  sides.  This  was  repeated 
after  the  next  two  applications  of  emulsion.  The  soil 
mixture  was  then  in  two  windrows  on  the  sides,  and  was 
distributed  back  over  the  road  in  three  spreads  and 
dilute  emulsion  was  applied  to  each. 

To  obtain  thorough  mixing,  the  soil-emulsion  mix- 
ture was  again  bladed  into  windrows  and  then  brought 
back  in  thin  layers  and  finally  shaped  to  the  required 
cross  section. 

The  tractor  used  to  pull  the  mixing  equipment  had 
by  this  time  fairly  well  compacted  the  road  surface. 
The  lower  picture  in  figure  21  illustrates  the  compacting 
operation  as  performed  on  a  similar  job. 

One  gallon  of  emulsion  and  6.2  gallons  of  water  were 
used  per  square  yard,  including  the  water  used  in  the 
preliminary  dampening  operation. 

This  completed  the  soil  stabilization  and  there  re- 
mained only  the  surface  treating. 

The  surface  was  then  given  an  application  of  approxi- 
mately %  gallon  per  square  yard  of  the  emulsion,  diluted 
with  an  equal  part  of  water  and  immediately  covered 
with  40  pounds  per  square  yard  of  }-2  to  %  inch  crushed 
stone. 

The  surface  of  the  road  was  then  rolled.  The  crushed 
stone  was  embedded  in  the  stabilized  soil  mixture.  A 
final  application  of  0.64  gallon  per  square  yard  of 
undiluted  emulsified  asphalt  was  then  spread  and  im- 
mediately followed  with  15  pounds  per  square  yard  of 
Y4  inch  to  no.  10  sieve  crushed  stone,  followed  by  broom- 
ing and  rolling. 

The  road  was  not  closed  to  traffic  at  any  time  during 
the  construction  of  this  project.  Upon  completion  the 
road  resembled  bituminous  macadam  in  appearance. 
This  road  came  through  the  rainy  season  in  perfect 
condition  although  the  subgrade  was  saturated  and 
plastic. 

STABILIZATION    PROCEDURES   NOT  STANDARDIZED 

It  should  be  kept  in  mind  that  other  procedures 
using  portland  cement  and  bituminous  materials  in 
soil  stabilization  are  in  a  state  of  development  and  those 
just  described  are  given  as  examples.  Numerous  ex- 
periments are  being  carried  on,  some  involving  use  of  the 
optimum  moisture  content  as  disclosed  by  the  Proctor 
tests  and  compaction  with  sheep's-foot  rollers,  while  in 
others  traffic  is  largely  depended  upon  for  compaction. 

An  experimental'  stabilized  road  in  Jackson  County, 
Mo.,  (10),  was  compacted  by  traffic.  Asphaltic  ma- 
terials used  as  stabilizers  were  introduced  at  desired 
depths  below  the  surface  of  the  loose  road  mix  by 
means  of  a  specially  constructed  "sub-oiler"  illustrated 
in  figure  22.  It  is  essentially  a  tooth  scarifier  having 
an  oil  fine  attached  to  the  back  of  each  tooth  and 
running  nearly  to  its  points. 

The  theory  back  of  this  procedure  has  been  that  as 
moisture  evaporates  from  the  overlying  soil  the  moisture 
films  will  be  replaced  by  liquid  asphalt.  The  report 
states  that  roads  consisting  of  heavy,  sticky  clay  or 
gumbo  types  of  soil  are  water  resistant  after  treatment 
and  unaffected  by  rains. 

Another  method  for  incorporating  the  asphalt  into 
the  soil  was  tried  in  Missouri  during  1935  (26).  The 
clay  surface  was  scarified,  and  the  loosened  material 
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Figure  21.— Upper;  Applying  Bituminous  Emulsion  and 
Mixing  with  a  Disk  Harrow.  Lower;  Rolling  a  Base 
Course  Stabilized  with  Bituminous  Emulsion. 

windrowed  and  mixed  with  the  desired  percentage  of 
bituminous  material  by  means  of  a  traveling  mixing 
plant.  Prior  to  scarifying,  varying  quantities  of 
aggregate  were  added  to  test  the  efficiency  of  additional 
coarse  material  in  case  too  great  a  degree  of  plasticity 
was  induced,  and  also  to  check  the  relative  efficiency 
from  the  viewpoint  of  economical  construction. 

About  35  gallons  of  water  per  cubic  yard  of  mixed 
material  were  added  to  facilitate  mixing  in  the  pug 
mixer.  The  sections  that  had  time  to  dry  prior  to 
freezing  carried  traffic  with  little  or  no  signs  of  distress, 
although  there  was  some  evidence  of  a  sponginess  or 
rubbery  action  indicating  that  future  additional  con- 
solidation would  and  should  take  place. 

The  use  of  tar  in  soil  road  stabilization  has  been 
described  (37).  The.  tar  used  consisted  of  two  grades. 
Grade  1  tar  had  a  specific  viscosity  of  4  to  8  (Engler) 

S5  40°  C;^an,d  Sra,de  2  tar  had  a  specific  viscosity  of 
26  to  36  (Engler)  at  50°  C. 

After  the  road  was  graded  and  shaped  the  soil  was 
pulverized  over  a  width  of  22  feet.  Grade  1  tar  was 
added  to  the  loosened  soil,  thoroughly  mixed  in,  and 
the  mixture  windrowed.  Grade  2  tar  was  added  later 
and  the  mixture  spread  and  compacted  by  traffic. 

The  moisture  content  of  the  soil  varied  from  2  9 
percent  to  7.5  percent  at  the  time  the  tar  was  added. 
About  1.4  gallons  of  grade  1  tar  per  square  yard  and 
about  2  gallons  of  grade  2  tar  per  square  yard  were 
required. 

A  tack  coat  of  about  0.26  gallon  of  grade  2  tar  per 
square  yard,  covered  with  sand,  was  applied  to  the 
surface  to  prevent  dusting  under  traffic.  A  bituminous 
wearing  course  was  to  be  applied  later. 

Soon  after  this  section  of  stabilized  road  was  con- 
structed, the  following  observations  were  noted. 
;    1.  A  very  light-viscosity  tar  mixed  with  soil  results 
m  a  mixture  that  lsvery  resistant  to  water. 

2.  Unless  a  tar  mixture  is  covered  by  a  seal  coat  very 
soon  alter  it  is  mixed  a  portion  of  the  tar  will  apparently 
disappear. 

3.  Small  lumps  of  clay",  soil  fdo  not  seem  to  cause  any 
trouble  il  the  lumps  are  surrounded  by  material  im- 
pervious to  water  and  protected  from  traffic. 

Determination  of  the  moisture  content  and  degree  of 
lensincation  of  the  material  being  placed  by  means  of 
the  tests  suggested  by  Proctor  are  important  in  many 


Figure  22.— Sub-Oiler  for  Applying  Bituminous  Material 
in  Soil  Stabilization. 

types  of  soil  stabilization.  The  moisture  contents  are 
determined  by  packing  the  wet  soil  in  the  Proctor 
cylinder,  weighing,  measuring  the  resistance  to  pene- 
tration, and  comparing  these  values  with  the  laboratory 
curves  for  wet  weight  and  resistance  to  penetration  for 
the  particular  sample.  Checks  on  these  values  may  be 
made  by  oven-drying  small  samples  to  determinle  the 
moisture  contents  more  accurately.  If  the  soits  are 
found  to  be  below  the  optimum  moisture  conten  they 
are  sprinkled  with  water,  and  if  found  to  be  above  the 
optimumthey  are  spread  in  thinner  layers  and  allowed 
to  dry  either  before  rolling  or  during  longer  rolling 
periods. 

The  extent  of  consolidation  is  determined  by  measur- 
ing the  resistance  to  penetration  of  the  soil  layer  in 
place,  and  comparing  the  values  with  the  readings 
obtained  when  the  same  soil  was  compacted  in  the 
standard  manner  in  the  cylinder.  If  the  plasticity 
needle  readings  for  the  soil  layer  are  less  than  those  for 
the  soil  in  the  cylinder,  more  rolling  will  be  required. 
This  test  is  not  used  as  extensively  as  the  dry  weight 
test  because  the  presence  of  gravel  in  the  material  inter- 
feres with  the  needle  and  gives  distorted  values. 

Check  tests  on  the  degree  of  consolidation  are  made 
in  the  following  manner.  Approximately  15  pounds  of 
the  compacted  soil  are  removed  from  the  layer  with  a 
post-hole  auger  and  weighed.  The  same  soil  is  then 
packed  in  the  Proctor  cylinder,  weighed,  and  the  den- 
sity and  moisture  content  computed  as  in  the  regular 
tests.  The  hole  from  which  the  material  has  been 
taken  is  filled  with  sand  of  a  known  loose  weight  per 
cubic  foot  and_  the  volume  thus  measured.  The  wet 
and  dry  densities  of  the  compacted  material  are  deter- 
mined from  the  weight,  moisture  content,  and  volume. 
A  comparison  of  the  densities  of  the  wet  soil  in  place 
and  the  same  soil  compacted  in  the  cylinder  in  the  stand- 
ard manner  immediately  indicates  whether  more  rolling 
is  required  or  whether  less  rolling  will  suffice. 

SUMMARY 

Substantial  progress  has  been  made  in  obtaining  a 
better  understanding  of  the  basic  theories  of  soil  sta- 
bilization and  the  manner  of  applying  them  in  the 
design  and  construction  of  stabdized  roads. 

Data  on  the  effect  of  temperature,  degree  of  com- 
paction, and  grading,  and  data  on  the  use  of  admixtures 
of  electrolytes,  fillers,  neutralizes,  and  insoluble 
binders  indicate  that: 

1.  The  outcome  may  be  unsatisfactory  when  clay 
soils  are  compacted  to  a  given  extent  without  regard  to 
moisture  content,  or  when  compacted  with  a  given 
moisture  content  without  regard  to  the  type  or  extent 
of  compaction. 
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2.  Soils  compacted  to  maximum  density  at  low  tem- 
peratures may  soften  due  solely  to  the  water  liberated 
from  the  adsorbed  films  by  a  rise  in  temperature. 

3.  For  equal  amounts  of  compacting,  greater  densities 
can  be  attained  at  high  temperatures.  To  obtain  tbe 
some  densities  more  work  of  compaction  will  be  required 
at  low  temperatures. 

4.  For  equal  work  of  compaction,  well-graded  mix- 
lutes  become  the  densest. 

5.  Admixtures  of  granular  aggregate  may  effect  a 
three-fold  change:  (a)  Improve  the  quality  of  tbe  clay 
due  to  electrochemical  phenomena,  (b)  reduce  the  sur- 
face area  per  unit  volume,  and  (c)  increase  the  internal 
friction  of  the  mixture.  The  low  silica  types  and  the 
alkaline  clays  are  likely  to  make  the  best  binders. 
Other  clays  may  be  improved  by  admixtures  of  slag, 
crushed  stone,  and  gravel. 

6.  In  the  construction  of  fine-grained  base  courses  it 
is  felt  that  the  use  of  the  insoluble  binders  such  as 
Portland  cement  and  bituminous  materials  is  likely  to 
prove  more  satisfactory  than  attempts  to  stabilize  with 
moisture  films  alone. 

7.  Mixtures  of  acidic  and  basic  rocks  show  a  higher 
cementing  value  than  either  alone.  It  seems  possible 
by  selecting  and  blending  certain  road  stones  or  by 
treating  the  road  with  a  suitable  chemical  salt  or  base 
to  increase  greatly  the  natural  bond  at  the  road  surface. 

8.  It  is  especially  essential  that  mixtures  having  the 
proper  characteristics  be  used  in  the  construction  of 
base  courses.  They  should  be  used  also  in  surface 
courses,  but  trouble  developing  here  due  to  the  use  of  un- 
balanced combinations  of  materials  may  be  corrected  as  a 
maintenance  measure.  A  similar  trouble  in  base  courses 
cannot  be  so  easily  corrected  and  consequently  may 
result  in  expensive  failure  of  the  entire  road  structure. 

That  mixtures  with  clay  binders  have  served  satis- 
factorily as  road  surfaces  is  no  assurance  that  they  will 
not  fail  completely  under  the  almost  continuous  moist 
conditions  produced  when  evaporation  is  stopped  by 
coverings  of  impervious  wearing  courses.  Without  a 
thorough  knowledge  of  the  swelling  properties  of  soil 
binders,  the  risk  of  failure  that  attends  the  practice  of 
constructing  impervious  wearing-courses  on  soil-bound 
mixtures  that  have  become  highly  stable  under  traffic 
cannot  be  overemphasized. 

9.  It  seems  feasible  to  use  admixtures  of  electrolytes 
and  fillers  to  obtain  the  desired  densities  when  com- 
pacting the  more  porous  soils,  and  to  decrease  the 
amount  of  compacting  required  to  consolidate  soils  of 
the  better  grades.  When  in  the  semisolid  state,  soils 
require  greater  amounts  of  compacting  than  when  in 
the  plastic  slate.  As  a  practical  consideration,  there- 
fore, il  seems  desirable  to  consolidate  fine-grained  soils 
in  the  plastic  state  (where  the  films  act  as  lubricants) 
but  near  enough  to  (he  plastic  limit  so  that  evapora- 
tion during  compacting  will  be  sufficient  to  leave  the 
finally  compacted  soil  in  the  semisolid  state  (where  the 
films  act  as  adhesives).  Soils  with  optimum  moisture 
contents  slightly  below  the  plastic  limit  and  with  in- 
itial moisture  contents  for  mixing  and  compacting 
slightly  above  seem  to  provide  a  favorable  balance  be- 
tween lubricating  and  adhesive  properties. 

10.  The  success  of  road  construction  in  the  low-cost 
field  demands  that  special  attention  be  directed  toward 
simple  operations  and  the  use  of  local  materials.  Never- 
theless, the  importation  of  commercial  aggregates  and 
lines  to  improve  the  quality  of  soils  of  poorer  grades  may 
be  advisable  in  the  interests  of  ultimate  economy  of  con- 
struction and  maintenance  and  of  type  of  service  rendered 


More  than  2  million  miles  of  our  rural  roads  are  un- 
improved. Developments  in  the  field  of  soil  stabiliza- 
tion will  make  possible  the  improvement  of  greater 
mileages  of  these  roads  with  the  funds  available. 
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CIRCULAR   TRACK   TESTS   ON   LOW-COST 

BITUMINOUS  MIXTURES 


BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  C     A.  CARPENTER,  Associate  Civil  Engineer,  and  J.  F.  GOODE,  Junior  Highway  Engineer 


THE  small  indoor  circular  track  and  the  device  for 
applying  traffic  in  making  laboratory  tests  on 
bituminous  surfaces  were  briefly  described  in  the 
January  1934  issue  of  Public  Roads.  This  apparatus 
s  being  used  in  the  Bureau's  laboratory  at  the  Arling- 
ton Experiment  Farm  near  Washington  to  study  the 
various  factors  that  influence  the  behavior  of  bitumi- 
ious  road-surfacing  mixtures. 

The  test  track,  shown  in  figure  1,  is  laid  in  a  circular 
;oncrete  trough  12  feet  in  mean  diameter,  18  inches 
vide,  and  12%  inches  in  mean  depth.  The  track  con- 
ists  of  a  base  course  of  gravel,  crushed  stone,  or  other 
iuitable  material  and  a  wearing  course  of  the  bituminous 
urfacing  material  to  be  tested.  The  surface  may  be 
ested  dry  or  the  base  and  also  the  surface  may  be 
looded  or  maintained  in  a  moist  condition  through 
japillarity  by  introducing  water  from  a  concentric 
vater  trough  through  perforations  at  the  base  of  the 
nner  curb. 

Two  automobile  wheels,  equipped  with  20  by  6.00 
ow-pressure  tires  and  mounted  on  the  ends  of  a  cen- 
rally  pivoted  steel  beam,  are  used  for  compacting  both 
jiase  and  surface  and  for  testing  the  surface  course. 
Tie  beam  is  rotated  by  a  motor-driven  vertical  shaft 
,nd  operating  speeds  of  4K,  6,  and  9  miles  per  hour  are 
btained  by  the  use  of  a  three-step  cone  pully  trans- 
mission. The  entire  weight  of  the  wheel  and  beam 
.ssembly,  amounting  to  approximately  800  pounds  per 
Vheel,  is  imposed  on  the  track. 

\  Distribution  of  this  "traffic"  over  the  entire  width  of 
ihe  track  during  compaction  is  accomplished  by  slowly 
hifting  the  pivotal  point  of  the  beam  back  and  forth 
jhrough  a  distance  of  18  inches  by  means  of  a  hand- 
derated  wheel.  Although  mounted  on  the  rotating 
learn,  this  wheel  may  be  operated  while  the  beam  is  in 
Lotion.  For  compacting,  the  operating  speed  is 
Maintained  at  4J4  miles  per  hour. 

For  testing  the  compacted  wearing  course,  the  pivotal 
joint  of  the  beam  is  set  and  clamped  2%  inches  oft' 
enter  so  that  the  wheels  travel  in  two  concentric  lanes 
■  inches  apart.  This  accelerates  the  test  to  some  extent 
y  concentrating  the  traffic  and  producing  a  transverse 
jneading  action  between  the  two  wheel  tracks.  The 
Maximum  operating  speed  of  9  miles  per  hour  is  main- 
lined during  testing. 

N*E  TYPE  AND  GRADING  OF  AGGREGATE  USED  IN  ALL  MIXTURES 

This  report  describes  the  use  of  this  apparatus  in 
tudying  the  road-mix  or  oil-processed  gravel  type  of 
urfacing  widely  used  in  the  Western  States.  Tests 
i  tare  conducted  to  determine  the  effect  of  variations  in 
tie  quantity  and  consistency  of  the  bituminous  mate- 
al  and  the  effect  of  water  in  the  surfacing  mixture, 
a  the  base,  and  in  both  base  and  surfacing  mixture. 
The  density  and  percentage  of  voids  in  the  traffic- 
ompacted  mixtures,  both  before  and  after  testing, 
rere  determined  and  specimens  of  the  freshly  prepared 
fixtures  were  also  compacted  by  various  other  methods 
|>r  comparative  density  studies. 

69M7— 36 1 


Most  of  the  experimental  surfacing  mixtures  were 
laid  on  a  sand-clay-gravel  base  course  of  the  type  com- 
monly used  in  the  Western  States  for  road-mix  construc- 
tion. The  introduction  of  water  into  the  base  course 
incident  to  saturating  the  surface  mixture  produced 
simultaneous  failure  of  both  the  base  and  bituminous 
surface.  Therefore,  in  order  to  eliminate  the  effect  of 
base  failure,  a  more  rigid  type  of  base  course  was  sub- 
stituted for  the  sand-clay-gravel  in  testing  the  surfacing 
mixtures  on  a  wet  base. 

One  type  and  grading  of  aggregate  was  used  in  all  of 
the  surface  mixtures  discussed  in  this  report.  It  con- 
sisted of  54  percent  of  crushed  Potomac  River  gravel, 
31  percent  of  Potomac  River  concrete  sand,  and  15 
percent  of  local  silty  soil.  The  gravel  was  of  good 
quality  and  was  coarse  enough  to  provide  a  crushed 
product  of  high  angularity.  It  was  crushed  to  pass  the 
1-inch  screen,  and  95  percent  by  weight  of  the  crushed 
product  had  two  or  more  fractured  faces  to  the  frag- 
ment. The  filler  material  was  a  local  silty  clay  soil 
that  was  dried  and  pulverized  to  pass  the  no.  40  sieve. 
Soil  tests  on  this  material  gave  the  following  results: 

Amount  passing  the  no.  200  sieve,  percent 60 

Clay  content,  percent 26 

Liquid  limit —    23 

Centrifuge  moisture  equivalent 20 

Plasticity  index 7 

The  aggregate  for  each  mixture  was  carefully  pro- 
portioned to  conform  closely  to  the  grading  shown  in 
table  1. 

Table  1.- — Grading   of  aggregates    used   in   bituminous    mixtures 
tested  on  the  circular  track 


I'nssing— 

Retained  on— 

Percent 

1. 1 
5.7 
16.3 
17.0 
12.4 
10.8 
6.0 
5.4 
4.2 
5.4 
1.7 
3.5 
10.5 

No.  20  sieve --  

Five  "straight  steam-and-fire  reduced"  asphaltic 
residual  oils  were  used  throughout  this  series  of  tests. 
All  were  produced  from  the  same  crude  oil  and  by  the 
same  refiner.  The  results  of  laboratory  tests  on  these 
five  materials  are  given  in  table  2.  Materials  A,  B,  C, 
and  D  conformed  approximately  to  the  slow-curing, 
liquid,  asphaltic  materials  of  the  grades  SC-1,  SC-2, 
SC-3,  and  SC-4,  respectively,  as  defined  in  the  recom- 
mended specifications  of  the  Bureau  and  the  Asphalt 
Institute.  Material  E  was  a  semisolid  asphaltic  residue 
similar  to  that  commonly  referred  to  as  94  +  asphaltic 
road  oil.  The  consistencies  of  these  materials,  meas- 
ured by  their  float  time  at  122°  F.,  were  10,  16,  27,  37, 
and  170,  as  shown  in  table  2. 
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Figure  1. 


The  Circular  Test  Track  and  Testing  Apparatus.     The  Wheels  are  Resting  on  a  Compacted  Gravel  Base 

Course. 


Table  2.- — Results  of  U 

sis  on 

bituminous  materials 

Test  results  for  materials— 

A 

B 

C 

D 

E 

Flash  point,  °F 

300 
0.952 

84 

295 
0.972 

290 

310 
0.976 

780 

335 

310 

0.985 

1,311 
527 

490 

Specific  gravity,  77°  F./77°  F 

1.006 

Saybolt-Furol  viscosity  at  122°   F.,  sec- 
onds  

Saybolt-Furol  viscosity  at  140°  F.,  sec- 
onds  

Penetration,  100  grams,  5  seconds,  77°  F. 

338 

Float  at  122°  F.,  seconds 

10 
0 

0.5 

11.0 

20 

99.95 

52 

16 
0 

0.5 

13.0 

39 

99.95 

63 

27 

0 

0.5 

7.0 

48 

99.92 

70 

37 

0 

0 

6.0 

55 

99.91 

75 

170 

Total  distillate  to  437°   F.,   percent  by 
volume 

0 

Total  distillate  to  000°  F.,  percent  by 
volume 

0 

Total  distillate  to  080°  F.,  percent  by 
volume. 

0 

Float  of  residue  at  122°  F.,  seconds 

Solubility  of  residue  in  CS2,  percent 
Residue  of  100  penetration,  percent. 

176 

99.90 
93 

TESTS  CONDUCTED  TO  DETERMINE  THE  EFFECT  OF  VARIATIONS 
IN  QUANTITY  AND  CONSISTENCY  OF  THE  BITUMINOUS 
MATERIAL 

In  conducting  the  tests  on  the  water-free  mixtures, 
the  circular  track  was  divided  into  five  equal  sections 
or  one  for  each  of  the  five  grades  of  bituminous  material. 
In  each  group  of  tests  all  five  sections  contained  the  same 
percentage  of  bitumen  by  volume.  Five  tracks  were 
laid  and  tested,  each  track  containing  a  different  per- 
centage of  bitumen  by  volume.  The  percentages  used, 
calculated  on  both  a  weight  and  volume  basis,  are  given 
in  table  3.  In  the  following  discussion  all  the  mixtures 
in  track  1  will  be  referred  to  as  3^-percent  mixtures, 
those  in  track  2  as  4-percent  mixtures,  etc.,  and  the  vari- 
ous sections  will  be  designed  by  the  identification  letter 
of  the  contained  bitumen  and  the  percentage  of  bitumen 
in  the  mixture.  For  instance,  the  section  of  track  1  con- 
taining material  A  will  be  referred  to  as  section  A-3%. 


Table  3.- — Percentages  of  bituminous  material  used  in  determin- 
ing the  effect  of  quantity  and  consistency  of  the  bituminous  mate- 
rial on  the  performance  of  bituminous  mixtures 


Bituminous  material 

Amount  of  bituminous  material  in  mixtures,  by 
weight 

Identification 

Float 

at  122° 

F. 

Track  1 
(9.1  per- 
cent by 
volume) 

Track  2 
(10.3  per- 
cent by 
volume) 

Track  3 
(11.5  per- 
cent by 
volume) 

Track  4 
(12.7  per- 
cent by 
volume) 

Track  5 
(13.9  per- 
cent by 
volume) 

A 

B 

C 

10 
16 
27 
37 

170 

Percent 
3.5 
3.6 
3.6 
3.6 
3.7 

Percent 
4.0 
4.1 
4.1 
4.1 
4.2 

Percent 
4.5 
4.6 
4.6 
4.7 
4.7 

Percent 
5.0 
5.1 
5.1 
5.2 
5.3 

Perrent 
5.5 
5.6 
5.6 

D 

5.7 

E 

5.8 

About  400  pounds  of  each  mixture  was  prepared, 
which  provided  enough  material  to  lay  a  section  7.4 
feet  long  and  2Y2  inches  in  compacted  depth,  and  also 
provided  sufficient  excess  material  for  all  other  tests 
performed  on  the  mixture.  The  mixtures  were  prepared 
by  hand  mixing  with  rakes  and  spades  in  a  shallow  iron 
pan.  The  aggregate  and  bituminous  material  were 
warmed  to  facilitate  mixing,  and  for  material  E  it  was 
necessary  to  heat  both  the  stone  and  the  bituminous 
material  to  approximately  250°  F.  to  obtain  satisfactory 
mixing.  Ail  mixtures  except  those  containing  material 
E  were  laid  at  air  temperature.  The  E  mixtures  were 
laid  at  approximately  150°  F.,  and  in  building  each 
track  the  E  mixture  was  laid  last  in  order  that  com- 
paction might  be  started  while  it  was  still  at  approxi- 
mately that  temperature. 

The  mixtures  were  placed  in  two  layers  each  slightly 
less  than  2  inches  in  loose  thickness.  The  first  layer 
was  compacted  by  about  100  wheel  trips  distributed 
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Figure  2. — Typical  Transverse  Profiles  from  Circular  Track  Showing  Progressive  Rutting  of  Bituminous  Mixtures 

Under  Traffic. 

over  the  18  inches  of  track  width,  the  compaction  being 
held  to  a  minimum  in  order  to  prevent  the  formation  of 
a  seal  and  resulting  plane  of  weakness  between  the  first 
and  second  layers.  The  second  layer  was  then  spread 
and  leveled  by  raking  and  troweling,  tamped  with 
50-pound  hand  tamping  irons,  and  brushed  with  a  hand 
brush  to  fill  surface  voids.  Compaction  was  then  com- 
pleted by  distributing  the  traffic  of  the  rubber-tired 
wheels  traveling  at  a  speed  of  approximately  4%  miles 
per  hour. 

Compaction  with  the  rubber-tired  wheels  was  con- 
tinued as  long  as  any  subsidence  of  the  surface  of  any 
section  as  a  whole  could  be  produced.  This  required 
from  3,500  to  4,500  wheel  trips  distributed  over  the 
18-inch  track,  the  number  of  trips  required  to  compact 
to  "refusal"  depending  upon  the  richness  of  the  mix- 
tures. The  lean  mixtures  required  more  traffic  for  com- 
pacting than  did  the  rich  ones. 

Subsidence  of  the  surface  during  compacting  and 
vertical  displacement  during  testing  were  measured  by 
means  of  a  recording  profilometer,  the  feet  of  which 
rested  on  permanent  brass  plugs  set  in  the  curbs. 
Transverse  profiles  were  taken  at  frequent  intervals 
both  during  compacting  and  testing.  Each  section  of 
surfacing  was  provided  with  two  sets  of  base  plugs  for 
talcing  transverse  profiles.  Two  typical  series  of  these 
profiles,  as  traced  from  the  original  record  sheets,  are 
shown  in  figure  2.  Figure  3  shows  the  profilometer 
with  a  record  sheet  in  place. 

The  testing  of  each  section  for  stability  and  resistance 
to  wear  was  started  as  soon  as  compaction  was  com- 
pleted, the  beam  being  locked  in  testing  position  2% 
inches  off  center  so  that  the  wheels  traveled  in  two  con- 
centric circular  paths  5  inches  apart.  As  ruts  were 
formed  in  the  less  stable  mixtures,  ridges  of  displaced 
material  were  pushed  up  toward  the  two  curbs.  Figure 
4  illustrates  the  appearance  of  some  of  the  sections 
while  testing  was  in  progress. 


Figure  3. — The     Recording     Profilometer     with     Record 
Sheet  in  Place. 

mixtures  with  high-viscosity  bituminousimaterial.s  had 
greatest  stabilities 

In  figure  4  it  will  be  noted  that  section  A-4,  although 
not  lacking  in  stability,  showed  serious  raveling,  indi- 
cating insufficient  bituminous  material  to  bond  the 
aggregate,  while  section  A-4%  showed  rutting  and 
shoving,  indicating  an  excess  of  bitumen.  Section  B-4 
was  typical  of  the  remainder  of  the  4-percent  mixtures, 
which  retained  smooth,  even  surfaces  throughout  the 
test.  Section  B-4%  showed  considerable  rutting  and 
shoving,  indicating  excessive  bitumen  and  illustrating 
the  necessity  of  closely  controlling  the  bitumen  con- 
tent. Comparison  of  C-4%  with  B-4%  illustrates  the 
effect  of  greater  consistency  of  the  bituminous  material 
in  reducing  the  tendency  of  the  richer  mixtures  to 
shove  and  rut.  However,  in  section  C-5  instability 
was  indicated  by  rutting,  showing  an  excess  of  bitumen. 

In  calculating  the  average  vertical  displacement  of 
the  surface,  the  cross-sectional  area  of  the  ruts  and 
the  cross-sectional  area  of  the  ridges,  in  square  inches, 
were  measured  from  the  profiles  with  a  planimeter. 
The  total  of  these  areas  divided  by  the  width  of  the 
track  (18  inches)  gave  the  average  vertical  displace- 
ment. Figure  5  shows  vertical  displacement  plotted 
against  amount  of  traffic  for  all  consistencies  and  pro- 
portions of  bituminous  materials  tested.  The  relation 
of  average  vertical  displacement  to  consistency  and 
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SECTION    C-4£ 


SECTION    C-5 


Figure  4. — Appearance  of  Some  of  the  Bituminous  Mixtures  During  Testing. 


amount  of  bitumen  is  shown  in  figure  6,  which  was 
developed  by  taking  vertical  displacement  at  5,000 
trips  from  figure  5  and  plotting  it  against  percentage 
of  bitumen  in  the  mixture.  Brass  plugs  were  set  in 
the  surfaces  and  observed  for  forward  movement  of  the 


surfacing  material.  Measurements  showed  that  shoving 
was,  in  general,  proportional  to  vertical  displacement. 
Vertical  and  longitudinal  displacements  and  numerical 
ratings  of  the  test  mixtures  on  the  basis  of  both  are 
given  in  table  4. 
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Figure  5. — Relation  of  Vertical  Displacement  to  Number  of  Wheel  Trips  for  Various  Kinds  and  Percentages  of 
Bitumen.     Approximate  Percentages  of  Bitumen  by  Weight  of  Mixtures  are  Shown  on  Individual  Curves. 

Table  4. — Stability  and  rating  of  mixtures  as  measured  by  vertical 
displacement  and  by  longitudinal  displacement 


Rutting  caused  by 
first  5,000  wheel 
trips 

Shoving  caused  by 
2,000  wheel  trips 

Mixture  identification 

Vertical 
displace- 
ment 

Rating 

Horizon- 
tal 
displace- 
ment 

Rating 

E-3J4 

Inches 
0.01 
.01 
.01 
.01 
.01 
.02 
.02 
.02 
.03 
.03 
.03 
.04 
.05 
.06 
.08 
.08 
.23 
.24 
.31 
.44 
.67 
.85 
1.31 
1.32 
1.44 

2 
2 
2 
3 
3 
3 
4 
5 
6 
7 
7 
8 
9 
10 
11 
12 
13 
14 
14 
15 

Inches 

0 

0 

0 

0 
.01 

0 

0 

0 

0 

0 

0 

0 
.14 

0 
.04 
.01 
.56 

1.20 
.25 

2.16 

1.36 

1.68 

3.24 

8.00 
11.00 

E-4 

D-3H— --- 

D-4 

D-H4— 

C-3H 

C-4 

B-3'3' 

E-41^ 

E-5__- 

E-5J4 

A-3J^' 

c-iy2 

B-4 . 

D-5 

A-4i 

B-4H 

6 
7 
5 
10 
8 

D-5H 

C-5- 

C-5H 

A-4H 

B-5 

A-5 

11 

b-51/; 

A-5J^._. 

13 

1  Failed  by  surface  raveling. 

The  amounts  of  vertical  and  longitudinal  displace- 
ment of  the  surface,  given  in  table  4  and  shown  graph- 
ically m  figures  5  and  6,  give  an  excellent  indication  of 
the  relative  stability  or  resistance  to  plastic  flow  of  the 
mixtures  under  moving  wheel  loads.     The  untreated 
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AMOUNT    OF    BITUMINOUS     MATERIAL     IN    MIXTURE  -  PERCENT    BY    WEIGHT. 

Figure  6. — Relation  of  Consistency  and  Percentage  of 
Bitumen  to  Vertical  Displacement  After  the  First 
5,000  Wheel  Trips. 

sand-clay-gravel  base  '  and  all  of  the  sections  of  oil- 
processed  surface  containing  up  to  4  percent  of  bitumi- 
nous material  showed  a  high  degree  of  resistance  to 

'  No  measurements  of  displacement  are  given  on  the  untreated  base,  since  no  meas- 
urable shoving  or  rutting  occurred. 
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Figure  7. — Relations  Between  Consistency  and  Quantity 
of  Bitumen  in  the  25  Test  Mixtures  and  Their  Condition 
After  5,000  Wheel  Trips. 

vertical  and  longitudinal  displacement,  as  did  a  limited 
number  of  the  richer  mixtures  in  which  the  heavier 
grades  of  bituminous  material  were  used. 

EXCESS    OF    BITUMEN    MOST    DETRIMENTAL    IN    MIXTURES    CON- 
TAINING  LOW-VISCOSITY  BITUMINOUS  MATERIALS 

Purely  from  a  consideration  of  resistance  to  internal 
movement  or  flow,  the  data  indicate  that  the  effect  of 
adding  liquid  bituminous  material  to  the  aggregate  is 
to  reduce  its  stability.  While  this  reduction  in  stability 
is  not  particularly  detrimental  until  the  bitumen  con- 
tent of  the  mixture  reaches  a  certain  critical  percentage, 
the  reduction  takes  place  very  rapidly  after  the  critical 
percentage  has  been  exceeded.  It  is  apparent  that  this 
critical  percentage  was  not  reached  for  the  semisolid 
material  E.  The  data  also  indicate  that  a  large  loss  of 
stability  is  caused  by  a  relatively  small  excess  of  the 
light  material  A,  while  the  more  viscous  materials  per- 
mit the  use  of  proportionately  higher  percentages  of 
bitumen  before  the  critical  point  is  reached. 

Figure  7  shows  relations  between  the  variables  in  the 
25  mixtures  tested.  The  abscissae  are  consistencies  of 
the  bituminous  materials  plotted  on  a  logarithmic  scale 
and  the  ordinates  are  percentages  of  bituminous  ma- 
terial in  the  mixtures.  The  curve  connecting  the  points 
representing  the  richest  stable  mixtures  for  the  respec- 
tive grades  of  bituminous  material  is  the  approximate 
upper  oiling  limit  for  the  materials  and  conditions  of 
these  tests. 

The  mixtures  whose  behavior  and  appearance  under 
the  concentrated  traffic  test  showed  satisfactory  sta- 
bility were  found  to  have  had  average  vertical  dis- 
placements of  0.1  inch  or  less  after  5,000  wheel  trips. 
Tbe  minimum  average  vertical  displacement  for  any 
section  was  0.01  inch  and  the  maximum  for  the  16  sec- 
tions having  satisfactory  stability  was  0.08  inch. 
These  are  the  first  16  sections  listed  in  table  4.  The 
remaining  nine  mixtures  showed  much  greater  vertical 
displacements  accompanied  by  indications  of  distress 
such  as_  corrugations  and  cracks  in  the  surfaces.  For 
these  nine  sections  the  average  vertical  displacement 
ranged  from  0.23  inch  to  1.44  inches. 


In  considering  the  loss  of  stability  of  the  aggregate 
caused  by  the  addition  of  liquid  bituminous  material, 
it  is  important  not  to  lose  sight  of  the  very  definite 
reasons  for  adding  these  materials  to  aggregates  in 
low-cost  road  construction.  The  bitumen  is  added 
primarily  to  bond  the  surface  aggregate  together  into 
a  more  or  less  tough,  flexible  skin,  thus  preventing  the 
loss  of  surfacing  material  by  dusting  and  raveling  and 
preventing  the  entrance  of  surface  water  into  the  road 
structure. 

In  this  connection,  it  was  observed  that  the  untreated 
gravel  base,  as  well  as  three  of  the  mixtures  containing 
low  percentages  of  bitumen  and  having  high  stability, 
showed  serious  loss  of  material  by  raveling.  The 
mixtures  failing  in  this  way  were  mixtures  A-3K,  A-4,| 
and  B-3}£. 

Results  obtained  for  the  five  mixtures  containing 
material  B  clearly  illustrate  the  effect  of  variations  in 
quantity  of  bitumen  on  the  serviceability  of  the  treated 
surface.  Mixture  B-3K,  as  noted,  failed  by  raveling 
resulting  from  insufficient  bitumen;  mixture  B-4  was 
satisfactory ;  and  mixtures  B-4^,  B-5,  and  B-5}s  showed 
progressive  degrees  of  rutting,  indicating  lack  of  sta- 
bility caused  by  overoiling. 

The  consistency  of  the  bitumen  was  found  to  be  of 
more  importance  than  quantity  in  affecting  both  the 
stability  and  sealing  characteristics  of  the  mixtures.] 
Use  of  the  low-viscosity  material,  A,  resulted  in  no 
satisfactory  mixtures,  these  mixtures  failing  either  from 
raveling  caused  by  leanness  or  by  rutting  caused  by 
overoiling.     Use  of  the  next  heavier  grade,  B,  resulted 
in  one  satisfactory  mixture  with  4  percent  of  bitumen;; 
use  of  the  next  grade,  C,  produced  three  satisfactory 
mixtures,  namely,  those  containing  2>){,  4,  and  4%  per- 
cent of  bitumen;  and  material  D  was  satisfactory  in  four 
percentages,  from  Z%  to  5,  inclusive,  and  showed  low  : 
stability  only  in  mixture  D-5%. 

It  is  evident  from  the  test  data  that  the  use  of  a  low- 
viscosity  material  requires  the  imposition  of  extremely 
close  limits  on  the  permissible  bitumen  content  of  the 
mixture,  while  the  use  of  more  viscous  materials  allows 
a  much  wider  variation  in  bitumen  content  without . 
sacrificing  either  stability  or  wear  resistance. 

DENSITY  OF  MIXTURES  AFFECTED   BY  METHOD  OF  COMPACTION 
AND  AMOUNT  AND  CONSISTENCY  OF  BITUMEN 

Determinations  of  density  and  percentage  of  voids 
were  made  on  all  of  the  mixtures  tested.  These  deter- 
minations were  made  on  specimens  taken  from  the 
track  surface  after  compaction  under  distributed 
traffic  and  also  on  specimens  taken  from  ruts  after  the 
completion  of  the  concentrated  traffic  tests.  In  addi- 
tion, specimens  of  each  mixture  were  compacted  in  the 
Bureau's  molding  machine  2  by  rolling  1  minute  with 
a  load  of  200  pounds  per  linear  inch  of  roller  width  and 
4  additional  minutes  with  a  load  of  approximately  400 
pounds  per  inch  of  roller  width.  Densities  and  per- 
centages of  voids  were  determined  on  these  specimens, 
as  well  as  on  specimens  compacted  in  a  6-inch  cylindrical 
mold  by  100  blows  of  a  3-pound  mallet.3  Table  5 
gives  the  results  of  the  density  tests  on  the  mixtures  as 
compacted  by  the  various  methods. 


2  See  A  Machine  for  Molding  Laboratory  Specimens  of  Bituminous  Paving  Mix- 
tures,  by  J.  T.  Pauls,  Public  Roads,  vol.  10.  no.  2,  April  1929. 

J  Method  described  in  The  Road-Mix  Manual,  no.  1,  issued  by  the  Asphalt 
Institute. 
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Table  5. — Densities 

of  bituminous  mixtures  compacted  by  various  methods 

Mixture  identification 

Bitumen  in  mixture 

Percentage  of  voids  in  compacted  mixture 

Compacted   in    6- 
inch   cylindrical 
mold    with    3- 
pound  mallet 

Compacted  in  rol- 
ler molding  ma- 
chine 

Circular  track 

Track  no. 

After    compacting 
with  distributed 
traffic 

After  testing  with 
concentrated 
traffic 

By 
weight 

By  vol- 
ume 

Mixture 
voids 

Aggregate 
voids 

Mixture 
■    voids 

Aggregate 
voids 

Mixture 

voids 

Aggregate 
voids 

Mixture 
voids 

Aggregate 
voids 

fA-3H 

Percent 
3.5 
3.6 
3.6 
3.6 
3.7 

Percent 
9.1 
9.1 
9.1 
9.1 
9.1 

Percent 
15.1 
19.5 
20.8 
23.5 
24.2 

Percent 
22.8 
26.8 
28.0 
30.4 
31.1 

Percent 
15.2 
14.8 
14.4 
15.1 
15.0 

Percent 
22.9 
22.6 
22.2 
22.8 
22.7 

Percent 
13.7 
13.2 
13.8 
14.6 
17.4 

Percent 
21.6 
21.1 
21.6 
22.4 
24.9 

Percent 
8.6 
10.8 
13.0 
13.6 
16.2 

Percent 
16  9 

B-3H - 

18  9 

1                      

J.C-3H- 

20  9 

D-3J-5  .- 

21  5 

IE-3H1 - 

23  8 

27.8 

22.6 

22.3 

20.4 

fA^i .. 

4.0 

4.1 
4.1 
4.1 
4.2 

10.3 
10.3 
10.3 
10.3 
10.3 

15.4 
18.7 
19.1 
20.7 
21.1 

24.1 
27.1 
27.3 
28.9 
29.1 

12.7 
12.1 
13.4 
13.4 
13.4 

21.7 
21.2 
22.3 
22.3 
22.3 

9.8 
10.2 
10.5 
10.3 
16.3 

19.2 

19.5' 

19.7 

19.6 

25.1 

6.1 
6.5 
9.3 
9.8 
15.0 

15  8 

B-4- 

16  1 

2 

^C-4.. 

18  7 

D-4 

19.2 

lE-4' 

23.8 

Average.- .  . 

27.3 

22.0 

20.6 

18.7 

fA-4^..    . 

4.5 
4.6 
4.6 
4.7 

4.7 

11.5 
11.5 
11.5 
11.5 
11.5 

13.7 
15.9 
18.3 
19.9 
23.2 

23.7 
25.6 
27.8 
29.2 
32.0 

8.2 
9.8 
10.7 
11.4 
10.6 

18.8 
20.2 
21.0 
21.6 
20.9 

5.2 

7.0 
8.6 
11.3 

14.7 

16.1 
17.7 
19.1 
21.5 
24.5 

2.3 

3.4 
2.9 
4.6 
10.3 

13  5 

B-4J4 

14.5 

3.. 

<c-m.. 

14  1 

D-4H - --- 

15.6 

(E-4H1 

20.6 

Average .. 

27.7 

20.5 

19.8 

15.7 

fA-5 

5.0 
5.1 
5.1 
5.2 
5.3 

12.7 
12.7 
12.7 
12.7 
12.7 

10.2 

14.3 
17.0 
19.8 
20.7 

21.5 
25.2 
27.5 
30.1 
30.8 

5.5 
5.3 

7.5 
9.0 
9.4 

17.3 
17.3 
19.2 
20.6 
21.0 

1.3 

1.9 
5.1 
7.7 
13.0 

13.9 
14.4 
17.2 
19.5 
24.1 

1.2 
1.6 
3.0 
3.2 

11.0 

13.7 

B-5 

14  1 

4 __.. 

J,C-5 

15  3 

p-5 

15  3 

lE-51 

22.3 

Average 

27.0 

19.1 

17.8 

16.1 

fA-5H 

5.5 
5.6 
5.6 
5.7 
5.8 

13.9 
13.9 
13.9 
13.9 
13.9 

10.4 
13.5 
16.9 
18.9 
22.0 

22.9 
25.5 
28.5 
30.2 
32.8 

7.5 
7.5 
7.3 
8.5 
13.1 

20.4 
20.4 
20.2 
21.2 
25.2 

5.1 
6.6 
6.9 
8.0 
10.6 

18.3 
19.6 

19.8 
20.8 
23.0 

2.3 
3.4 

2.4 
4.7 
9.0 

15.9 

B-5H 

16.8 

\C-5H 

16.0 

D-5H 

17.9 

lE-5^' 

21.6 

Average 

28.0 

21.5 

20.3 

17.6 

Average  of  all  mixtures  .. 

27.6 

21.1 

20.2 

'  17.7 

'  All  mixtures  containing  material  E  were  compacted  at  approximately  150°  F.    All  others  were  compacted  at  laboratory  temperature. 

2  The  voids  content  of  the  untreated  dry  aggregate  compacted  in  a  4-inch  cylindrical  mold  by  vibrating  5  minutes  with  an  electric  hammer  was  17.5  percent. 


The  data  in  table  5  are  based  on  the  following  rela- 
tions between  mixture  voids,  aggregate  voids,  and 
aggregate  and  bitumen  volumes.  For  the  sake  of 
brevity  the  following  notations  are  used. 

S=the  total  volume  of  a  specimen  of  the  compacted 

mixture. 
A= the  partial  volume  of  the  specimen  occupied  by 

the  aggregate. 
B— -the  partial  volume  of  the  specimen  occupied  by 

bitumen. 
V=the  volume  of  the  voids  or  the  partial  volume 
of  the  specimen  occupied  by  air. 
A 
'  S 

compacted  specimen,  by  volume. 

6=-oX100=the    percentage    of    bitumen    in    the 

compacted  specimen,  by  volume. 

vm— -oX100=the  percentage  of  air  in  the  compacted 

specimen,  by  volume. 
va=the  percentage  of  aggregate  voids,  by  volume, 
in  the  compacted  specimen — space  occupied  by 
air  and  bituminous  material. 
Then  A+B+V=S 

and^X100+|xi00  +  ^Xl00=|xi00..-.  ._(1) 


-™X  J  00  =  the   percentage   of   aggregate   in    the 


or  a+b+vm=W0 (2) 

also,  b+vm=va (3) 

In  table  5  the  percentage  of  bitumen  by  volume  is 
expressed,  not  as  a  percentage  of  the  volume  of  the 
compacted  specimen,  but  as  a  percentage  of  the  solid 

volume    (aggregate    plus    bitumen),    or     ..  pX100- 

This  was  done  in  order  to  show  that  the  relation  of 
the  volume  of  bitumen  to  total  solid  volume  was  the 
same  for  all  five  sections  in  any  individual  track.  This 
percentage,  which  is  designated  b' ,  may  be  converted 
to  an  expression  of  the  percentage  of  bitumen  by  volume 
of  a  particular  specimen  by  multiplying  it  by  the  ratio 

of  solid  volume   to   total  volume, 


100 


in 


the 


specimen    under    consideration.    Then    equation     (2) 
becomes 


V  (100-gJ 
100 


100. 


(4) 


and  equation  (3)  becomes 
b'  (100-»m) 


100 


+vm=va. 


(5) 


As  an  example  of  the  application  of  equation  (5), 
the  percentage  of  voids,  vm,  for  mixture  A-3%,  table 
5,  compacted  in  the  6-inch  mold  was  15.1   percent. 
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The  percentage  of  bitumen  by  volume  of  solids  was 
9.1.     Then  from  equation  (5) 

9.i  aoo-i5.i)+15 1=Pj=228 

as  given  in  the  table. 

In  table  5  the  aggregate  voids  remaining  after  each 
method  of  compaction  and  after  concentrated  traffic  are 
averaged  for  each  bitumen  content  and  grand  averages 
are  shown  in  each  group  for  all  five  bitumen  contents. 
Comparison  of  these  average  void  contents  indicates 
that  of  the  three  methods  of  compaction  used,  the 
cylinder  method  using  a  3-pound  mallet  was  least  effec- 
tive, rolling  with  distributed  traffic  was  most  effective, 
while  the  molding  machine  gave  densities  that  were  inter- 
mediate between  those  produced  by  the  other  two  meth- 
ods. The  application  of  concentrated  traffic  on  the  track 
sections  previously  compacted  under  distributed  traffic 
produced  an  appreciable  amount  of  additional  compac- 
tion in  all  of  the  sections,  as  indicated  by  their  reduced 
void  contents,  and  resulted  in  lower  average  void  con- 
tents than  were  produced  by  any  of  the  three  methods 
of  compaction  used  in  these  tests.  The  average  void 
contents  of  the  sections  after  testing  under  concentrated 
traffic  were  from  1.7  to  4.1  percent  less  than  those  of 
the  same  sections  after  compaction  under  distributed 
traffic;  they  were  from  2.2  to  4.8  percent  less  than  the 
average  void  contents  of  the  specimens  compacted  in 
the  roller  molding  machine;  and  they  were  from  7.4  to 
12  percent  less  than  the  average  void  contents  of  the 
mallet-compacted  specimens. 

RELATIONSHIP    FOUND  TO    EXIST    BETWEEN  STABILITY  OF    BITU- 
MINOUS MORTAR  AND  STABILITY  OF  ENTIRE  MIXTURE 

Vibratory  compaction  tests  on  the  dry  aggregate  gave 
si  percentage  of  aggregate  voids  of  17.5,  or  0.2  percent 
less  than  the  average  of  the  computed  aggregate  voids 
in  all  of  the  track  sections  after  the  concentrated  traffic 
test.  The  least  dense  sample  from  the  track  after  the 
concentrated  traffic  test,  exclusive  of  mixtures  con- 
taining the  semisolid  asphalt  E,  contained  21.5  percent 
aggregate  voids  and  the  most  dense  had  13.5  percent. 
It  should  be  noted,  therefore,  that  while  the  void  con- 
tent of  the  vibrated  dry  aggregate  checked  the  average 
aggregate  void  content  of  the  track  specimens  and  was 
lower  than  that  found  by  any  other  of  the  pre-compac- 
tion  methods  tried,  it  did  not  give  the  maximum  ob- 
tainable compaction  as  evidenced  by  the  lower  aggre- 
gate void  contents  found  in  14  of  'the  track  sections 
after  the  concentrated  traffic  test.  Since  the  method 
used  to  obtain  compaction  by  vibration  is  susceptible 
to  considerable  improvement,  it  is  possible  that  the 
dry  aggregate  might  be  compacted  to  void  contents 
comparable  to  those  found  in  these  14  denser  mixtures 
by  an  improved  method. 

Table  5  also  shows  that  the  concentrated  traffic 
test,  as  well  as  all  of  the  methods  of  compaction  used, 
generally  produced  a  considerably  denser  arrangement 
of  the  aggregate  particles  in  the  light  oil  mixtures  than 
in  those  containing  the  more  viscous  materials.  In  the 
track  sections  after  testing  with  concentrated  traffic, 
as  a  typical  example,  the  average  computed  aggregate 
voids  ranged  from  15.2  percent  for  the  A  mixtures  to 
22.4  percent  for  the  E  mixtures,  or  a  variation  of  7.2 
percent  resulting  from  differences  in  consistency  of  the 
bitumens. 

The  quantity  of  bitumen  was  also  a  factor  in  causing 
a  marked  variation  in  the  density  of  the  aggregates. 
In  the  track  sections  after  testing  with  concentrated 


traffic,  the  3K-percent  mixtures  averaged  20.4  percent 
aggregate  voids.  The  percentage  decreased  progres- 
sively for  increased  bitumen  contents  to  an  average  of 
15.7  percent  of  aggregate  voids  for  the  4}a-percent 
mixtures  and  then  rose  progressively  with  increased 
bitumen  to  an  average  of  17.6  percent  of  aggregate 
voids  for  the  mixtures  containing  5l/2  percent  of  bitumen. 

Hubbard-Field  stability  tests  were  made  on  the  fine 
portion  or  mortar  from  a  number  of  the  circular  track 
mixtures  and  also  on  a  number  of  additional  mortars 
having  intermediate  and  lower  bitumen  contents. 
The  materials  for  these  tests  were  prepared  separately 
by  weighing  the  necessary  amounts  of  crushed  gravel 
and  sand  passing  the  no.  10  sieve  and  the  same  filler 
material  as  was  used  in  the  track  mixtures.  These 
ingredients,  as  well  as  the  bitumen,  were  proportioned 
to  produce  mortars  having  the  same  grading  as  the 
mortars  contained  in  the  track  mixtures  and  a  slightly 
greater  range  of  equivalent  bitumen  contents.  The 
specimens  were  molded  in  standard  Hubbard-Field 
molds  under  a  pressure  of  3,000  pounds  per  square  inch 
maintained  for  1  minute.  They  were  allowed  to  cure 
in  air  for  24  hours  and  were  then  tested  at  laboratory 
temperature. 

The  results  of  the  Hubbard-Field  stability  tests  are 
shown  in  figure  8.  These  curves,  together  with  those 
shown  in  figure  6,  indicate  that  very  definite  relations 
exist  between  the  stability  of  the  fine  portion  or 
bituminous  mortar  and  the  stability  of  the  entire 
mixture.  The  mixtures  in  the  track  showed  loss  of 
stability  with  increase  in  bitumen  content  as  shown  in 
figure  6,  while  the  mortars  showed  a  slightly  upward 
trend  in  stability  up  to  bitumen  contents  of  7  to  8 
percent  (approximately  equivalent  to  3K  and  4  percent 
in  the  track  mixtures)  and  then  a  very  rapid  loss  of 
stability  for  higher  bitumen  contents.  However,  with 
the  exception  of  the  D-4',2  and  D-5  mixtures,  the  range 
of  equivalent  bitumen  contents  through  the  zone  of 
rapidly  falling  stabilities  for  the  mortars  corresponds 
closely  to  the  range  of  bitumen  contents  in  the  track 
mixtures  that  showed  lowered  stability. 

RESULTS     OF     TESTS     ON     THE     EFFECT     OF     CONSISTENCY     AND 
AMOUNT  OF  BITUMINOUS  MATERIAL  SUMMARIZED 

The  tests  that  have  been  described  wrere  made  on 
only  one  type  and  grading  of  aggregate,  and  therefore 
the  results  should  not  be  applied  indiscriminately 
without  further  research  involving  other  aggregates, 
and  without  proper  allowance  for  special  conditions 
to  be  met.  However,  it  is  believed  that  the  results 
obtained  will  apply  in  the  same  relative  way  to  mate- 
rials and  conditions  other  than  those  of  the  tests. 
For  the  combinations  of  materials  studied  and  the 
conditions  of  these  tests  the  following  conclusions  are 
indicated: 

1.  The  addition  of  slow-curing,  liquid  bituminous 
material  to  aggregate  of  the  coarse,  dense-graded  type 
reduces  its  stability  or  resistance  to  lateral  flow  under 
moving  loads. 

2.  This  effect  is  greatest  for  bituminous  admixtures  of 
low  viscosity  and  tends  to  become  progressively  less 
as  the  consistency  of  the  bituminous  admixture  is 
increased. 

3.  Loss  of  stability,  as  measured  by  rutting  of  the 
circular  track  under  concentrated  traffic,  is  small  up 
to  a  certain  critical  bitumen  content  and  increases 
rapidly  as  the  percentage  of  bitumen  is  increased  above 
the  critical  point. 
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4.  Surfacing  mixtures  having  very  low  bitumen  con- 
tents, although  possessing  relatively  high  stability,  fail 
to  produce  well-bonded  wearing  surfaces,  and  when  the 
consistency  of  the  bitumen  is  less  than  about  300 
Saybolt-Furol  viscosity  at  122°  F.,  the  surface  may 
ravel  extensively  under  the  direct  action  of  traffic. 

5.  The  use  of  bituminous  materials  having  a  viscosity 
of  less  than  approximately  300  in  surfacing  mixtures 
with  the  type  and  grading  of  aggregate  described 
necessitates  extremely  rigid  control  of  the  bitumen 
content.  Material  B,  having  a  viscosity  of  290,  pro- 
duced satisfactory  results  in  only  one  proportion 
(4  percent).  Mixture  B-3%  raveled,  and  the  mixtures 
containing  4%  percent  or  more  of  material  B  rutted  and 
shoved  excessively. 

6.  The  use  of  more  viscous  liquid  bituminous  materi- 
als allows  greater  leeway  in  the  permissible  bitumen 
content  of  the  mixture.  The  range  of  bitumen  con- 
tents in  satisfactory  mixtures  was  from  VA  to  5  percent 
for  the  highly  viscous  material  D  and  from  3>2  to  4% 
percent  for  material  C. 

EFFECT  OF  WATER  ON  THE  STABILITY  OF  BITUMINOUS  MIXTURES 
INVESTIGATED 

Following  the  investigation  of  water-free  mixtures,  a 
series  of  tests  was  conducted  to  study  the  effect  of  water 
on  the  stability  and  service  behavior  of  similar  surfacing 
materials. 

In  the  first  four  tests  in  this  series,  the  surfaces  were 
laid  on  the  same  sand-clay-gravel  base  as  was  used  in 
the  previous  studies  of  water-free  mixtures.  The  bear- 
ing power  and  uniformity  of  this  base  was  excellent  as 
long  as  it  remained  dry  or  only  moderately  damp. 
However,  when  the  base  was  inundated  in  order  to 
introduce  capillary  water  into  the  surfacing  mixture, 
the  churning  action  of  traffic  caused  marked  local 
fnilures  in  the  base.  These  failures  took  the  form  of 
widely  spaced  corrugations  and  contributed  so  seriously 
to  the  failure  of  the  surfacing  course  that  it  was  im- 
possible to  differentiate  between  surface  failures  result- 
ing from  weakness  of  the  surfacing  mixture  and  those 
caused  by  base  failure. 

Since  these  studies  were  primarily  concerned  with  the 
qualities  of  the  bituminous  wearing  coarse,  the  sand- 
clay-gravel  base  was  discarded  at  the  end  of  the  fourth 
test  of  the  series  and  a  crushed-limestone  base  substi- 
tuted. In  constructing  the  limestone  base  the  stone 
was  thoroughly  compacted  and  choked  with  clean  sand. 
A  bonded  top  was  then  formed  by  raking  in  dry  port- 
In  nd  cement,  which  was  wetted  by  introducing  water 
from  below  and  allowed  to  set  without  puddling. 
There  resulted  a  firm,  well-bonded  surface  having 
sufficient  porosity  to  allow  free  passage  of  water  to  the 
bituminous  wearing  course.  No  further  trouble  was 
encountered  from  base  failures  even  when  both  base 
and  surfacing  course  were  inundated  with  water. 
Tracks  10,  11,  and  12  were  laid  on  this  base. 

Seven  tracks  were  tested  in  this  series — tracks  6  to 
12,  inclusive.  Figures  9  to  13  show  diagrammatically 
the  layouts,  test  procedures,  and  notations  on  the 
behavior  of  the  test  sections  for  tracks  6  to  10. 

Although  a  few  of  the  wettest  surfaces  rutted  con- 
siderably, other  more  characteristic  tj'pes  of  failure 
were  observed  on  many  of  the  wet  sections.  Such 
evidences  of  failure  were  corrugations,  surface  cracking, 
and  surface  peeling  followed  by  rapid  pot  holing  or  local 
raveling. 

69307 — 36 2 
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PERCENTAGE  OF  BITUMINOUS  MATERIAL  IN  MORTARS 
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equivalent  percentage  of  bituminous  material  in  track  mixtukes 

Figure  8. — Relations  Between  Bitumen  Content  and 
hubbard-fleld  stability  of  mortars  made  by  adding 
Bituminous  Material  to  the  Fine  Portion  of  the  Cir- 
cular Track  Aggregate. 

As  shown  in  figure  9,  track  6  was  laid  in  five  sections, 
each  section  containing  4  percent  of  bitumen  and  each 
having  one  of  the  five  grades  of  bitumen  used  in  the 
previous  investigation  of  water-free  mixtures.  Each 
section  was  further  subdivided  into  two  subsections, 
one  being  laid  without  water  in  the  mixture  and  one- 
having  2  percent  of  water  added  to  the  aggregate  before 
the  bitumen  was  applied.  After  compaction  of  the 
surfacing  mixtures  on  the  dry  base,  water  was  admitted 
to  the  base  and  the  water  level  maintained  at  9  inches 
below  the  track  surface  during  the  first  50,000  wheel 
trips  of  concentrated  traffic  and  at  4%  inches  below 
the  surface  during  the  last  25,000  wheel  trips. 

Comparison  of  the  observed  behavior  of  the  test 
sections  in  this  track  clearly  indicated  the  superiority 
of  the  mixtures  containing  the  highly  viscous  to  semi- 
solid bituminous  materials  over  the  mixtures  containing 
lighter  materials  in  resisting  the  detrimental  effects  of 
water. 

Although,  as  previously  mentioned,  it  was  difficult 
to  distinguish  between  failures  resulting  from  surface 
weakness  and  those  caused  by  base  settlement,  it  was 
observed  that  the  sections  having  low  viscosity  bitumen 
in  the  surfacing  mixtures  failed  earlier  and  to  a  greater 
extent  than  did  those  having  the  highly  viscous  to  semi- 
solid bituminous  materials.  Figure  9  shows  the  relation 
of  time  of  occurrence  and  observed  extent  of  failure  to 
the  amount  of  traffic  applied.  The  surface  on  section  A, 
where  the  lightest  bitumen  was  used,  raveled  during  and 
immediately  following  compaction  and,  in  the  early 
stages  of  the  test,  developed  considerable  corrugation. 
After  50,000  wheel  trips  of  concentrated  traffic,  it  was 
badly  rutted  in  the  originally  dry  half  and  somewhat 
less  badly  rutted  in  the  half  laid  with  2  percent  of  water. 
Part  of  this  rutting  was  undoubtedly  caused  by  base 
failure,  but,  regardless  of  whether  or  not  this  was  the 
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TRACK    NO  6 
4  PERCENT   BITUMINOUS  MATERIAL  IN  ALL  MIXTURES 
B-4  -U -      C-4     -       J 


2  '    INCH         BITUMINOUS   SURFACING- 


10-INCH    SAND- CLAV- GRAVEL  BASE    COURSE 


CONDITIONS  OF  THE   TEST 

BEHAVIOR  OF  TEST  SECTIONS 

OPERATION 

BASE 

CONDITION 

TIME 

NUMBER  OF 
WHEEL  TRIPS 

COMPACTING 

(DISTRIBUTED 

TRAFFIC) 

DRY 

4     DAYS 

0 
4,500 

RAVELED 
BADLY 

RAVELED 
SOMEWHAT 

TESTING 

(CONCENTRAT- 
ED TRAFFIC) 

WATER 
9  INCHES 
BELOW 
SURFACE 

9    DAYS 

0 

REMAINED   IN  GOOD   CONDITION 

5,000 

LESS 
RAVFLING 

SLIGHT 
RAVELING 

CRACKING 

12,000 

CORRUGATING 

CORRUGATING 

5  0,0  0  0 

BADLY  RUTTED 

RUTTED 

RUTTED 
AND  CRACKED 

RUTTED 

SLIGHTLY  RUT- 
TEDICRACKED 

SLIGHTLY 
RUTTED 

SLIGHTLY  RUT- 
TED! CRACKED 

SLIGHTLY 
RUTTED 

SLIGHT 
CRACKING 

TESTING 
CONCENTRAT- 
ED TRAFFIC) 

WATER 

4j  INCHES 

BELOW 

SURFACE 

6     DAYS 

7  5,000 

BASE    IN   ALL    SECTIONS    SETTLED    IRREGULARLY  SOON  AFTER  WATER    LEVEL  WAS  RAISED.   THIS  CAUSED  GENERAL  CRACKING    IN 
ALL  SECTIONS  OF  SURFACING   BUT  NO  SECTION  EXCEPT    E    SHOWED  SUPERIORITY  OVER  THE  OTHERS. 

Figure  9. — Effect  of  Water  on  the  Behavior  of  Mixtures  Containing  4  Percent  of  the  Various  Bituminous  Materials. 


case,  the  condition  of  section  A  after  the  50,000  wheel 
trips  was  clearly  worse  than  that  of  any  other  section 
with  the  possible  exception  of  section  B  in  which  the 
next  heavier  grade  of  bitumen  was  used. 

While  showing  no  noticeable  raveling,  section  B 
developed  cracks  in  the  originally  dry  half  and  corruga- 
tions in  both  halves  early  in  the  test  and  rutted  some- 
what less  than  did  section  A  during  the  50,000  wheel 
trips  before  the  water  level  was  raised  in  the  base. 

Sections  C  and  D,  in  which  the  two  next  heavier 
grades  of  bitumen  were  used,  showed  no  evidence  of 
failure  until  after  12,000  wheel  trips  of  concentrated 
traffic  had  been  applied,  and  from  then  until  the  com- 
pletion of  50,000  wheel  trips  developed  only  slight 
cracks  in  the  originally  dry  sections  and  a  moderate 
amount  of  rutting  throughout. 

Section  E,  which  contained  the  semisolid  bitu- 
minous material,  showed  no  evidence  of  failure  except 
slight,  cracking  in  the  originally  dry  half  up  to  50,000 
\\  heel  trips. 

Since  quantitative  measurement  of  the  rutting  in 
track  6  was  impractical  because  of  the  longitudinal 
irregularity  of  the  ruts,  comparison  cannot  be  made 
between  the  performance  of  this  track  and  track  2  in 
which  the  4-percent,  water-free  mixtures  were  tested 
(see  table  4).  However,  it  was  observed  that  the 
principal  difference  between  these  two  tracks  was  a 
greater  tendency  on  the  part  of  track  6  to  corrugate 
in  the  sections  having  bitumen  of  low  viscosity, 
and  a  tendency  for  all  sections  to  develop  cracking. 
This  cracking,  as  well  as  a  general  rutting  and  increased 
roughness,  became  extremely  noticeable  on  all  sec- 
tions of  track  6  after  the  water  level  was  raised  to 
within  4%  inches  of  the  top  of  the  curbs  at  50,000  wheel 
trips.  During  the  ensuing  25,000  wheel  trips  the  ruts 
and  corrugations  developed  rapidly  in  all  the  sections. 
In  some  places  the  additional  displacement  amounted 
to  one-half  inch  or  more  without,  however,  materially 
changing  the  thickness  of  the  surface  course  in  the 
bottoms  of  the  ruts.  In  other  words,  the  additional 
and  comparatively  rapid  rutting  and  corrugating  were 
largely  the  result  of  base  failure  caused  by  the  higher 
water  level. 

WET  MIXTURES  ON   DRY  BASES  TEND  TO   DRY  OUT   AND  REGAIN 
STABILITY 

Tracks  7  and  8,  data  for  which  are  shown  in  figures 
M>  and   II,  were  identical  as  to  grade  and  quantity  of 


bitumen  and  base  conditions.  Both  contained  4 
percent  of  material  C  in  all  sections  and  were  laid  and 
tested  on  a  dry  base.  Both  tracks  were  divided  into 
five  sections  that  varied  only  in  the  amount  of  water 
added  to  the  aggregates  before  mixing  with  bitumen. 
One  section  in  each  was  surfaced  with  a  mixture  pre- 
pared with  air-dried  aggregate  containing  about  0.4 
percent  of  water  but  to  which  no  water  had  been 
added.  In  the  remaining  four  sections  of  each  track, 
the  respective  mixtures  were  prepared  from  aggre- 
gates to  which  2,  3,  4,  and  6  percent  of  water  had  been 
added. 

The  wet  sections  in  track  7  after  compaction  con- 
tained considerably  less  water  than  the  amount  which 
had  been  added  to  the  aggregates.  In  fact,  only  two 
of  them  contained  over  2  percent  of  moisture  when 
the  traffic  test  was  started.  Of  these  two,  the  sec- 
tion containing  2.8  percent  of  residual  moisture  develop- 
ed some  alligator  cracks  under  traffic,  and  the  section 
containing  5  percent  of  water  rutted  appreciably, 
indicating  considerable  loss  of  stability,  and  it  also 
developed  alligator  cracks. 

The  section  that  was  laid  dry  and  the  two  wet  sec- 
tions in  which  the  moisture  content  had  fallen  to  2 
percent  or  less  during  laying  and  compacting  showed 
no  evidence  of  failure  at  the  end  of  the  test.  The  test 
on  track  7  was  concluded  at  15,000  wheel  trips. 

Track  8  was  identical  with  track  7  except  that 
mixing  and  laying  operations  were  speeded  up  some- 
what to  reduce  the  loss  of  water  from  the  wet  mixtures. 
Only  1,000  wheel  trips  of  compacting  traffic  were  ap- 
plied so  that  compaction  was  completed  and  test 
traffic  started  within  4  hours  after  the  surfacing 
material  was  laid.  During  both  compacting  and  early 
testing  the  surfaces  of  all  the  sections  were  lightly 
sprinkled  at  intervals  to  retard  the  loss  of  moisture  by 
evaporation.  The  actual  moisture  contents  of  the 
sections  containing  2  percent  and  3  percent  of  water 
were  reasonably  close  to  the  designed  contents,  but  the 
sections  originally  containing  4  percent  and  6  percent 
of  water  actually  contained  only  3.4  and  4.4  percent, 
respectively,  when  testing  was  started.  Hutting  oc- 
curred only  in  the  wettest  section,  as  was  the  case  in 
track  7.  The  rutting  in  the  section  originally  con- 
taining 6  percent  of  water  began  as  soon  as  concen- 
trated traffic  was  started  and  had  virtually  reached  its 
maximum  at  1,000  wheel  trips.  After  the  sprinkling 
was  discontinued  (at  10,000  wheel  trips  of  test  traffic) 
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TRACK  NO.  7 
4  PERCENT  OF  MATERIAL  C  IN  ALL  MIXTURES 


JX.INCH         BITUMINOUS  SURFACING 


10-INCH    SAND -CLAY- GRAVEL  BASE    COURSE 


CONDITIONS  OF  THE   TEST 

BEHAVIOR  OF  TEST  SECTIONS 

OPERATION 

BASE 
CONDITION 

TIME 

NUMBER  OF 
WHEEL  TRIPS 

COMPACTING 

(DISTRIBUTED 

TRAFFIC) 

DRY 

4    DAYS 

0 
3,500 

GOOD  CONDITION 
WATER  0.4  PERCENT  -^ 

GOOD  CONDITION 
WATER    1.3  PERCENT  -^ 

GOOD  CONDITION 
WATER   2.0  PERCENT  J 

CRACKED  EXTENSIVELY 
WATER    2.8  PERCENT-" 

CRACKED  EXTENSIVELY 
WATER   5.0  PERCENT  -a 

TESTING 
(CONCENTRAT- 
ED  TRAFFIC) 

DRY 

5   DAYS 

0 

100 

RUTTING 

S,000 

WATER  2.6    PERCENT 

15,000 

NO  EVIDENCE  OF  FAILURE 
WATER  0.4   PERCENT 

NO  EVIDENCE  OF  FAILURE 
WATER   l.r  PERCENT 

NO  EVIDENCE  OF  FAILURE 
WATER    1.6  PERCENT 

EXTENSIVE    CRACKS 
WATER   1.9  PERCENT 

•EXTENSIVE    CRACKS 

NO  ADDITIONAL  RUTTING 

WATER    2.6  PERCENT 

JWATER    CONTENT    DETERMINED    ON    LOOSE     MATERIAL     BEFORE     APPLYING    TRAFFIC. 

Figure  10. — Effect  of  Various  Amounts  of  Water  on  the  Behavior  of  Mixtures  Containing  4  Percent  of  Material  C. 
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CONDITIONS  OF  THE  TEST 

BEHAVIOR  OF  TEST  SECTIONS 

OPERATION 

BASE 
CONDITION 

TIME 

NUMBER  OF 
WHEEL  TRIPS 

COMPACTING 

(DISTRIBUTED 

TRAFFIC) 

DRY 

4  HOURS 

0 

LIGHT  SPRINKLING   STARTED 

1,000 

WATER  0.2   PERCENT-U  j       WATER  2;3  PERCENT-" 

WATER  3.0  PERCENT-" 

WATER    3.4  PERCENT-" 

WATER    4.4  PERCENT -^ 

TESTING 
(CONCENTRAT- 
ED TRAFFIC) 

DRY 

4  HOURS 

0 

j 

RUTTING 
STARTED  IMMEDIATELY 

2,000 

NO  EVIDENCE   OF  FAILURE 

WATER  2.3% 

VERY  LITTLE 

RUTTING 

WATER  3.2% 
RUTTED 
BADLY 

3     DAYS 

10,000 

SRRINKLINC  DISCONTINUED 

NO  FURTHER 
RUTTING 

RUT  REPAIRED 

15,000 

LONGITUOINAL  CRACKS 

ROUGH   BUT 

NO  FURTHER   RUTTING 

6    DAYS 

29,000 

WATER  0.3   PERCENT 

WATER    1.0  PERCENT 

WATER    1.6  PERCENT 

WATER    1.4  PERCENT 

WATER  1.9  PERCENT  ROUGHER 
BUT    NO  FURTHER    RUTTING 

44,000 

NO    FURTHER   FAILURE 

NO  EVIDENCE  OF  FAILURE 

SLIGHT   SCALING 

SLIGHT    SCALING 

WATER  1.3  PERCENT.  SCALING, 
NO  ADDITIONAL  ROUGHNESS 

jj  WATER   CONTENT    DETERMINED    AT    START    OF   COMPACTION     PERIOD. 

Figure  11. — Effect  of  Various  Amounts  of  Water  on  the  Behavior  of  Mixtures  Containing  4  Percent  of  Material  C. 
The  Sections  Were  Sprinkled  to  Retard  Loss  of  Moisture  by  Evaporation. 


the  mixtures  lost  moisture  so  rapidly  that  at  29,000 
wheel  trips  of  test  traffic  none  of  them  contained  as 
much  as  2  percent  of  water.  At  44,000  wheel  trips 
of  test  traffic,  when  the  test  was  discontinued,  the 
sections  originally  having  3,4,  and  6  percent  of  water 
showed  a  slight  tendency  to  scale  or  peel,  and  the  dry 
section  had  developed  some  longitudinal  surface  cracks, 
due  probably  to  the  light  sprinkling.  No  indication 
of  failure  was  evident  in  the  section  that  originally  con- 
tained 2  percent  of  water. 

Track  9  (see  fig.  12)  was  similar  to  tracks  7  and  8 
except  that  4}i  percent  of  material  C  was  used  in  the 
mixtures  instead  of  4  percent.  Mixing  and  laying 
operations  were  further  hastened  to  avoid,  as  much 
as  possible,  loss  of  moisture  from  the  mixtures.  The 
number  of  trips  for  compaction  was  reduced  to  300, 
and  compaction  was  finished  and  testing  started  within 
2  hours  after  the  mixtures  were  laid.  This  track  was 
not  sprinkled. 

The  compacted  mixtures  had  water  contents  from 
0.3  percent  to  1  percent  below  the  original  water  con- 
tents. Again,  the  only  wet  section  showing  reduced 
stability  by  rutting  was  that  laid  with  6  percent  of 
water  and  containing  5  percent  when  testing  with  con- 
centrated traffic  was  started.  Rutting  and  corruga- 
tion developed  so  rapidly  in  this  section  that  it  had  to 


be  replaced  at  1,000  wheel  trips  of  test  traffic  with  a 
more  stable  material  in  order  to  continue  the  test  on 
the  other  sections.  The  highest  moisture  content  in 
any  of  the  other  sections  when  testing  was  started  was 
3.1  percent.  The  dry  section  showed  very  slight  rut- 
ting, the  amount  corresponding  closely  to  that  recorded 
for  the  same  mixture  in  the  tests  on  water-free  mixtures. 
The  failure  of  the  wet  sections  containing  from  1.7 
percent  to  3.1  percent  of  water  to  rut  at  all,  whereas 
the  dry  section  showed  a  normal  amount  of  rutting,  is 
attributed  to  a  peculiarity  of  such  mixtures  which  was 
observed  throughout  this  series  of  test,  namely,  that 
the  addition  of  a  small  amount  of  water  (generally  less 
than  3  percent)  appeared  to  make  the  mixture  harsh 
and  hard  to  compact. 

Low  stability  is  a  characteristic  of  oily,  easily  com- 
pacted mixtures  or  of  mixtures  that  have  been  com- 
pacted to  such  an  extent  that  virtually  all  their  void 
spaces  are  filled  with  liquid.  It  follows,  therefore,  that 
if  a  small  amount  of  water  causes  harshness  in  the  mix- 
ture and  thereby  retards  compaction,  the  mixtures, 
although  having  low  stability  when  thoroughly  com- 
pacted, may  show  a  temporary  stability  somewhat 
higher  than  normal  during  the  comparatively  long 
period  of  traffic  application  necessary  to  bring  them  to 
their  ultimate  density. 
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TRACK  NO  9 
^PERCENT  OF  MATERIAL  C  IN   ALL  MIXTURES 


.;:;INlll  BITUMINOUS   SURFACING- 


IO-INCH    SAND-CLAY-GRAVEL  BASE    COURSE- 


^^^^^PERCENT  WA^ER^^ 


CONDITIONS  OF  THE   TEST 

BEHAVIOR  OF  TEST  SECTIONS 

OPERATION 

BASE 
CONDITION 

TIME 

NUMBER  OF 
WHEEL  TRIPS 

COMPACTING 

(DISTRIBUTED 

TRAFFIC) 

DRV 

2  HOURS 

0 

300 

GOOD  CONDITION. 
WATER0  2   PERCENT-1' 

GOOD  CONDITION. 
WATER    1.7  PERCENT  -!' 

GOOD  CONDITION. 
WATER    2.3  PERCENT-1' 

GOOD  CONDITION. 
WATER    3.1  PERCENT  -U 

MOVED  NOTICEABLY 

UNDER   WHEELS. 
WATER    5.0  PERCENT  -^ 

TESTING 
(CONCENTRAT- 
ED   TRAFFIC) 

DRY 

1  j  DAYS 

0 

RUTTING  IMMEDIATELY 
AND  LONGITUDINAL  CRACKS 

1,000 

WATER    4  PERCENT.   BADLY 
RUT  TED.  DISCONTINUED 

2.100 

WATER0.2   PERCENT 

WATER    1.4    PERCENT 

WATER    1.6   PERCENT 

WATER   2.7  PERCENT 

5,000 

SOME    RUTTING 

7,800 

RUTTED    j  INCH  ±1 

NO   RUTTING 

NO   RUTTING 

NO  RUTTING 

_[/  WATER  CONTENT   DETERMINED    ON  LOOSE    MATERIAL    BEFORE    APPLYING    TRAFFIC. 
t]  MAXIMUM     DEPTH     OF    RUT    AT    ANY    POINT. 


Figure  12. — Effect  of  Various  Amounts  of  Water  on  the  Behavior  of  Mixtures  Containing  4y2  Percent  of  Material  C 


MIXTURES    WITH    HIGH    BITUMEN    CONTENTS    ABSORBED    LEAST 
WATER  FROM  BASE  COURSE 

Track  10  (see  fig.  13)  consisted  of  five  sections,  all 
containing  material  C  but  in  amounts  varying  by 
increments  of  one-half  percent  from  3%  to  h%  percent 
of  bitumen.  The  mixtures  were  laid  without  the  addi- 
tion of  water  and  the  base  was  kept  dry  during  compac- 
tion of  the  surfacing  mixtures.  After  the  sections  were 
compacted  by  3,000  wheel  trips,  4,000  additional  wheel 
trips  of  distributed  traffic  were  applied  with  the  base 
flooded  to  within  one-fourth  inch  of  the  bottom  of  the 
bituminous  mat. 

None  of  the  sections  showed  any  indication  of  failure 
except  that  the  sections  containing  5  and  5%  percent 
of  bitumen  showed  a  normal  low  stability  resulting 
from  their  high  bitumen  contents.  The  water  was 
Mien  raised  to  within  l1/,  inches  of  the  top  of  the  bitu- 
minous mat  and  1,700  additional  wheel  trips  were 
applied,  making  a  total  of  5,700  wheel  trips  of  dis- 
tributed traffic.  The  mixtures  were  then  tested  for 
water  content.  The  results  of  these  tests  are  shown  in 
figure  13  opposite  the  first  entry  of  5,700  wheel  trips. 

At  that  time  the  sections  containing  3K>  4,  and  4% 
percent  of  bitumen  were  still  in  good  condition,  but  the 
section  containing  5  percent  was  badly  cracked  and  the 
section  containing  5}i  percent  was  rubbery  and  unstable. 
The  water  level  was  again  raised,  this  time  to  within 
one-fourth  inch  of  the  top  of  the  bituminous  mat,  and 
maintained  there  without  additional  traffic  for  18  hours 
or  three-fourths  of  a  day.  The  sections  were  again 
tested  for  water  content  and  the  results  are  shown  in 
figure  13  opposite  the  second  entry  of  5,700  wheel 
trips.  All  of  these  tests  of  water  content  were  made 
only  on  the  top  inch  of  the  mixtures. 

The  first  test  of  water  content  indicated  that  capil- 
larity and  the  action  of  traffic  had  caused  some  water  to 
rise  above  the  free  water  level  into  the  top  half  of  the 
bituminous  mixtures.  As  shown  in  figure  13,  the 
amounts  ranged  from  0.5  percent  for  the  mixture  con- 
tinuing 3K  percent  of  bitumen  to  2.1  percent  for  the 
mixture  with  4l/2  percent  of  bitumen,  and  then  downward 
to  0.7  percent  for  the  mixture  with  5%  percent  of 
bitumen. 

During  the  18  hours  when  the  water  level  wus  within 
one-fourth  inch  of  the  top  of  the  bituminous  mat  and 
no  traffic  was  being  applied,  upward  percolation  caused 
the  water  content  in  the  top  inch  of  the  mixtures  having 


3%  and  4  percent  of  bitumen  to  increase  to  2  percen 
and  1.5  percent,  respectively.  No  increase  in  wate 
content  occurred  in  the  top  inch  of  the  other  thre< 
sections  having  4%,  5,  and  5%  percent  of  bitumen.  Or 
the  contrary  there  was  a  very  slight  decrease,  whicl 
probably  was  the  result  of  the  inability  of  the  water  t< 
percolate  upward  through  these  richer  and,  by  then 
well-compacted  mixtures  fast  enough  to  offset  th< 
losses  by  surface  evaporation. 

The  water  level  was  next  lowered  to  1%  inches  belov 
the  top  of  the  mat  and  maintained  at  this  level  during 
the  application  of  3,300  additional  wheel  trips  o 
distributed  traffic.  This  brought  the  total  of  al 
distributed  test  traffic  on  this  track  up  to  9,000  whee 
trips.  At  9,000  wheel  trips  the  water  content  wa 
determined  both  at  the  top  and  bottom  of  each  section 
The  results  are  shown  in  figure  13. 

In  the  top  inch,  the  mixtures  having  Z}{  and  4  percen 
of  bitumen  showed  additional  gains  in  water  conten 
of  0.6  and  0.4  percent,  respectively.  The  mixturi 
with  4%  percent  of  bitumen  showed  no  change  in  wate: 
content  and  those  with  5  and  5%  percent  of  bitumei 
showed  additional  losses  of  0.1  and  0.3  percent,  re 
spectively.  The  bottom  inch  of  each  section  containe< 
a  considerably  higher  percentage  of  water  than  did  tin 
top  inch.  In  both  the  top  and  bottom  inch,  comparing 
the  various  sections,  the  water  content  decrease* 
progressively  with  higher  bitumen  contents.  At  thi: 
time  the  sections  containing  3%,  4,  and  4%  percent  o 
hitumen  were  in  good  condition  and  those  containing 
5  and  5%  percent  of  bitumen  both  showed  alligato: 
cracking  and  were  wavy  and  highly  plastic. 

In  the  final  phase  of  the  test,  the  water  level  was 
lowered  to  the  bottom  of  the  bituminous  mat  anc 
concentrated  traffic  was  applied.  The  mixtures  having 
5  and  5K  percent  of  bitumen  failed  immediately  undei 
this  type  of  traffic  and  after  500  wheel  trips  wen 
replaced  with  other  material  to  .allow  completion  of  tin 
test  on  the  remaining  sections. 

It  is  of  interest  in  connection  with  the  failure  of  these 
two  sections  that  when  they  began  to  rut,  the  surfaci 
cracks  opened  up  and  after  about  200  wheel  trips  i 
considerable  quantity  of  mud  was  ejected  througl 
them.  This  mud,  although  appearing  from  its  coloi 
and  texture  to  contain  no  bitumen,  proved  upoi 
analysis  to  contain  8.9  percent  of  bitumen  on  the  basis 
of  its  water-free  weight.  Its  water  content  was  21 
percent.     The  bitumen  in  this  ejected   material   line 
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TRACK    NO   10 
MATERIAL  C     IN   ALL  SECTIONS.     NO  WAT  E  R  ADDED  TO  Ml  XTURES 


2j-INCH  BITUMINOUS   SURFACING 

I    INCH    POROUS  CEMENT  CONCRETE 


CRUSHED  ROCK  AND  SAND  BASE 


conditions  of  the  test 

BEHAVIOR  OF  TEST   SECTIONS 

OPERATION 

BASE 

condition 

TIME 

NUMBER  OF 
WHEEL  TRIPS 

COMPACTING 

(DISTRIBUTED 

TRAFFIC) 

DRY 

2y  DAYS 

0 
3,000 

TESTING 

(Distributed 
traffic) 

wet.    water 
i  INCH  below 

BITUMINOUS 
COURSE 

3    DAYS 

0 

GOOD  CONDITION 

GOOD  CONDITION 

4,000 

GOOD  CONDITION 

GOOD  CONDITION 

GOOD  CONDITION 

MOVED  SLIGHTLY 
UNDER   WHEELS 

MOVED    CONSIDERABLY 
UNDER  WHEELS 

wet. 
wat eri^  inch 
below  top  of 
bituminous 

COUBSE 

3    DAYS 

5,700-" 

WATER,  TOP,  0.5  PERCENT 

WATER,  TOP,  0.6  PERCENT 

WATER,  TOP,  2.1   PERCENT 

CRACKED  EXTENSIVELY 
WATER,  TOP,    I.I    PERCENT 

RUBBERY,  UNSTABLE 
WATER, TOP,  0.7  PERCENT 

5,7  00  J 

WATER, TOP,  2.0  PERCENT 

WATER,  TOP,   1  5  PERCENT 

WATER, TOP,   1.8  PERCENT 

WATER, TOP,  0  9  PERCENT 

WATER, TOP.06  PERCENT 

9,000 

PEELING  AND  PITTING 
WATER,  TOP,  2.6  PERCENT 
BOTTOM, 5  3  PERCENT 

PEELING  AND  PITTING 
WATER, TOP,   1.9  PERCENT 
BOTTOM,  3  9  PERCENT 

SLIGHT  PEELING  4   PITTING 

WATER,  TOP,  1.8  PERCENT 

BOTTOM,  3.0  PERCENT 

CRACKED  EXTENSIVELY 

WAVY,  UNSTABLE 
WATER, TOP.O.B  PERCENT 
BOTTOM,  2.4  PERCENT 

CRACKED  EXTENSIVELY 

•     WAVY,  UNSTABLE 
WATER, TOP.O  3  PERCENT 
BOTTOM.2   1  PERCENT 

TESTING 

(concentrat- 
ed traffic) 

WET. 

WATER  IN 

CONTACT  WITH 

BOTTOM  OF 

BITUMINOUS 

COURSE 

5    DAYS 

0 

RUTTED    IMMEDIATELY 

200 

MUD  EJECTED          . 
THROUGH   CRACKS-2' 

MUD' EJECTED  THROUGH 
CRACKS  AND  AT  CURB  -^ 

500 

CRACKS    BEGINNING    TO    DEVELOP 

DISCONTINUED 

DISCONTINUED 

1,500 

CRACKED  EXTENSIVELY 

CRACKED  EXTENSIVELY 

3,700 

CRACKED  EXTENSIVELY 

MUD  EJECTED-*^ 

6,8  00 

MUD  EJECTED-^ 

8,000 

MUD  EJECTED-4* 

8,000 

TEST  STOPPED.    SECTIONS    BADLY    POT-HOLED   AND    RAVELED 

j/  AT    5,700  TRIPS    WATER    CONTENT    TESTED    AND    WATER    LEVEL    RAISED    TO    j   INCH    OF   TOP    OF   BITUMINOUS     COURSE    AND   ALLOWED    TO    STAND    18  HOURS.  WATER     CONTENT    AGAIN    TESTED 

AND  SHOWED  THE  CHANGES    INDICATED.    WATER  LEVEL    THEN    RETURNED    TO  l£  INCHES   BELOW   TOP  OF  BITUMINOUS   COURSE. 
J]  THIS    MUD   CONTAINED    25  PERCENT    WATER    AND  OF    THE    WATER-FREE    MATERIAL    8.9   PERCENT    WAS    BITUMINOUS    MATERIAL. 


Figure  13.- 


-Effect  of  Water  and  Bitumen  Content  on  the  Behavior  of  Mixtures  Containing  Various  Percentagk*  of 

Material  C. 


apparently  been  completely  emulsified  by  the  action  of 
traffic  on  the  water-soaked  surfacing  mixture. 

Figure  14,  which  shows  the  section  containing  5 
percent  of  material  C  after  500  wheel  trips  of  concen- 
trated traffic,  illustrates  the  condition  of  this  section 
and  the  section  containing  5%  percent  of  material  C 
when  they  were  discarded. 

The  sections  with  3%,  4,  and  4'j  percent  of  bitumen 
developed  surface  cracks  at  500  wheel  trips  and  some 
mud  was  ejected  through  the  cracks  in  all  three  sec- 
tions before  the  conclusion  of  the  test.  The  section 
having  4%  percent  of  bitumen  was  the  last  of  the  five 
to  eject  the  mud  and  oil  emulsion  and  was  apparently 
least  affected  by  the  action  of  moisture.  The  test  was 
concluded  at  8,000  wheel  trips. 

The  water  conditions  for  track  10  were  purposely 
made  extremely  severe  in  order  to  accelerate  the  test 
and  to  show,  as  clearly  as  possible,  the  comparative 
differences  in  behavior  of  the  sections.  The  tests 
indicated  that  the  susceptibility  of  these  mixtures  to 
damage  from  excessive  moisture  increased  as  their 
bitumen  contents  were  increased  above  4%  percent. 
This  is  evidenced  both  by  the  shorter  time  required  to 
produce  failure  of  the  rich  sections  compared  with  the 
lean  ones,  and  by  the  greater  extent  of  the  failure  in 
the  rich  sections  for  a  given  amount  of  traffic. 

ADDING  WATER  TO  AGGREGATE  FOUND  LESS  DETRIMENTAL  THAN 
ADDING  WATER  TO  OILED  MIXTURE 

Comparison  of  the  results  of  the  tests  on  track  10 
with  those  on  tracks  7,  8,  and  9,  in  which  water  was 
contained  in  the  mixtures  but  not  in  the  base,  indicates 
that  water  in  the  base  structure  is  a  more  serious  cause 
of  failure  than  moisture  in  the  surfacing  mixtures  when 
the  base  is  dry.  This  is  due  to  the  fact  that  a  wet  base 
tends  to  maintain  the  surfacing  mixture  in  a  wet, 
unstable,  and  generally  weakened  condition  for  as  long 


*^ 


y 


Figure  14. — Section  of  Track  No.  10  Containing  5  Percent 
of  Material  C,  After  9,000  Wheel  Trips  of  Distributed 
Traffic  and  500  Wheel  Trips  of  Concentrated  Traffic. 
Mud  was  Ejected  from  the  Spots  Marked  "A". 

a  time  as  drainage  conditions  remain  unsatisfactory; 
whereas,  if  the  base  is  well  drained  and  dry,  a  wet  mix- 
ture placed  on  top  of  it  will,  under  favorable  weather 
conditions,  dry  out  and  become  stable  in  a  compara- 
tively short  time.    It  should  be  noted,  however,  that  in 


82 


PUBLIC    ROADS 


Vol.  17,  No.  4 


several  instances  test  mixtures  which  contained  more 
than  2%  to  3  percent  of  moisture  when  the  test  traffic 
was  started,  even  when  the  base  course  was  dry, 
developed  alligator  cracks  which  failed  to  heal  after  the 
mixtures  had  partially  dried.  It  was  observed  that 
cracks,  once  formed,  persisted  until  the  surface  was 
broken  up  and  remixed. 

Tracks  11  and  12  were  designed  to  show  the  effect  of 
(a)  water  contained  in  the  aggregate  at  the  time  of  ap- 
plying the  bitumen,  and  (6)  water  incorporated  in  the 
mixture  after  oiling  but  before  compacting.  Each  of 
these  two  tracks  was  divided  into  six  sections,  three  of 
which  were  surfaced  with  mixtures  containing  4}£  per- 
cent of  material  B  and  the  other  three  with  mixtures 
containing  4K  percent  of  material  D.  In  track  11 
water  was  added  to  the  aggregate  24  hours  before  ap- 
plying the  bitumen,  and  in  track  12  water  was  added 
and  mixed  into  the  oiled  aggregate  24  hours  before  the 
track  was  laid  and  compacted.  In  both  tracks  the  per- 
centages of  water  used  were,  on  the  basis  of  the  weight 
of  the  dry  aggregate,  2,  4,  and  6  percent  for  the  B  and 
also  for  the  D  bituminous  mixtures. 

These  two  tracks  were  each  given  only  300  wheel 
trips  of  distributed  traffic  for  compaction,  due  to  the 
extremely  low  stability  of  the  mixtures  with  material 
B  containing  6  percent  of  water.  Further  compaction 
of  these  mixtures  would  have  resulted  in  pushing  a  large 
part  of  the  material  out  of  the  track  and  over  the  curb. 
Two  of  the  mixtures  containing  material  B,  that  having 
6  percent  of  water  added  to  the  aggregate  (track  11) 
and  that  having  6  percent  of  water  added  to  the  mixture 
(track  12),  failed  completely  within  the  first  600  wheel 
trips  of  concentrated  traffic  and  had  to  be  replaced  with 
more  stable  material  before  the  tests  could  be  continued 
on  the  other  sections.  All  but  two  of  the  sections 
showed  average  vertical  displacements  in  excess  of  0.1 
inch  at  5,000  wheel  trips,  which  would  cause  them  to  be 
classified  as  unsatisfactory  according  to  the  procedure 
followed  in  the  classification  of  the  water-free  mixtures 
previously  discussed  in  this  report.  The  two  excep- 
tions were  the  mixtures  with  material  D  containing  2 
and  4  percent  water  added  to  the  aggregates. 

The  average  vertical  displacements  at  5,000  wheel 
trips  for  the  mixtures  in  tracks  11  and  12  are  given  in 
table  6.     Comparison  of  these  data  with  the  data  given 

Table  6.- — Average  vertical  displacement  of  bituminous  mixtures 

after  5,000  wheel  trips 

[Tracks  11  and  12;  i\i  percent  of  bitumen  in  all  sections] 


Track  no. 

Ma- 
terial 

Water 

Average 
vertical 
displace- 
ment at 

Percent 

Added  to- 

5,000 

wheels 

trips 

11 

B 
B 
B 
B 
B 
B 
D 
D 
D 
D 
D 
D 

2 
4 
6 
2 

4 
6 
2 
4 
6 
2 
4 
6 

Aggregate 

Inches 
0  29 

11. 

do  .  . 

29 

11.         

do 

32 

12 

Oiled  mixture . 

do 

12 

J 1  92 

12....      

do 

(0 
.  10 

11.... 

11.. 

.  do 

10 

11 

...do  .. 

2  1  02 

12 

17 

12 

do 

.50 

12 

do.. 

.58 

'  Failed  completely  within  600  wheel  trips. 

1  Extrapolated  by  extending  displacement  curve. 


in  table  4  for  the  water-free  mixtures  clearly  shows  the 
effect  of  water  in  lowering  the  stability  of  these  bitu- 
minous mixtures. 

The  test  results  indicated  that,  in  general,  a  greater 
loss  of  stability  took  place  in  the  mixtures  in  which 
water  was  added  to  the  oiled  aggregate  than  in  those  in 
which  the  water  was  added  to  the  aggregate  before  the 
bitumen  was  applied.  The  results  also  corroborated 
the  other  test  data  which  pointed  to  a  definite  superior- 
ity of  the  more  viscous  materials  over  those  of  low  vis-  . 
cosity  in  resisting  the  effect  of  water. 

In  considering  the  results  of  the  tests  on  wet  mixtures 
it  should  be  pointed  out  that  the  mineral  filler  used  in 
these  mixtures,  while  not  an  ideal  filler  material,  was 
considerably  better  in  quality  than  much  of  the  soil 
that  has  often  been  used  as  filler  in  low-cost  road  sur- 
faces. It  is  believed  that  had  a  clay  filler  containing 
more  colloidal  material  been  used,  the  detrimental  effect 
of  water  on  the  mixtures  tested  would  have  been  more 
striking. 

TEST  RESULTS  ON  WET  MIXTURES  SUMMARIZED 

1.  Although  water  in  the  mixtures  caused  cracking 
in  the  lean  sections  as  well  as  in  the  rich  ones,  the  lean 
mixtures  showed  very  little  loss  of  stability  due  to  the 
addition  of  water  while  the  richer  mixtures  showed  a 
marked  loss  of  stability  from  this  cause. 

2.  Both  dry  and  wet  mixtures  tested  on  wet  bases 
lost  stability  more  rapidly  and  were  ultimately  much 
less  stable  when  the  bitumen  content  was  high  than 
when  it  was  low. 

3.  The  rich  mixtures  did  not  absorb  as  much  water 
from  the  wet  bases  as  did  the  lean  ones  but  this  did  not 
prevent  their  loss  of  stability  since  less  additional  liquid 
was  required  to  affect  them. 

4.  The  mixtures  containing  bitumens  of  low  viscosity 
lost  stability  more  rapidly  and  to  a  greater  degree,  due 
to  the  action  of  water,  than  did  those  containing  the 
heavier  materials. 

5.  Cracking,  pitting,  and  corrugating  comprised  the 
typical  failures  on  the  wet  sections,  and  in  addition, 
rutting  occurred  in  the  wet  sections  containing  the 
higher  percentages  of  bituminous  material. 

6.  Surfaces  that  cracked  while  wet  failed  to  heal  after 
drying.  The  cracks  persisted  until  the  surfacing  mix- 
tures were  broken  up,  remixed,  and  relaid. 

7.  Loss  of  stability  occurred  both  in  the  wet  mixtures 
on  dry  bases  and  in  the  mixtures  that  were  tested  on 
wet  bases.  However,  while  the  former  tended  to  dry 
out  rapidly  and  regain  their  stability,  the  condition  of 
the  latter  continued  to  grow  steadily  worse  with  the 
application  of  additional  traffic. 

8.  Water  added  to  the  oiled  aggregate  mixtures 
caused,  in  general,  a  somewhat  greater  loss  of  stability 
than  did  water  added  to  the  aggregate  before  oiling. 
The  reverse,  however,  was  true  of  the  wettest  mixtures 
(those  containing  6  percent  of  water). 

9.  The  tests  appear  to  justify  the  provision  in 
numerous  present-day  specifications  that  limits  the 
amount  of  moisture  permitted  in  oil-processed  surfacing 
mixtures  to  2  percent  at  the  time  of  laying.  Such  a 
provision  seems  desirable  in  order  to  insure  against 
surface  cracks  which,  once  formed,  fail  to  heal  even 
after  the  moisture  in  the  surface  has  evaporated. 
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INDEXES  OF  HIGHWAY  CONSTRUCTION 

COSTS 

REPORTED  BY  THE  DIVISION  OF  MANAGEMENT,  BUREAU  OF  PUBLIC  ROADS 

THE  purchasing  power  of  funds  expended  for  high- 
way construction,  when  expressed  in  miles  of  high- 
way annually  placed  under  construction,  shows 
variations  from  year  to  year  because  of  (1)  actual 
variations  in  the  cost  of  materials  and  labor  entering 
into  such  construction,  and  (2)  changes  in  design  fea- 
tures, types,  and  quantities  of  materials  actually  used. 
The  effect  of  lowered  prices  of  constituent  units  is 
immediately  reflected  in  a  downward  trend  in  costs  per 
mile  whenever  the  quantities  of  materials  used  and 
labor  required  are  subject  to  only  minor  variations. 
However,  changing  traffic  conditions  have  required 
wider  surfaces,  longer  sight  distances,  natter  curves, 
and  other  features  conducive  to  safety  with  increased 
speed.  Consequently,  the  effects  of  lower  unit  prices 
during  recent  years  have  been  largely  offset  by  the 
increased  quantities  of  materials  and  excavation  actu- 
ally used,  and  average  costs  per  mile  have  not  fluctuated 
in  accordance  with  fluctuations  in  the  unit  price  of 
materials. 

As  a  normal  consequence  of  constantly  increasing 
traffic  on  our  highways,  highway  construction  is  con- 
tinually undergoing  changes,  both  in  design  and  in 
materials  used,  and  these  changes  have  tended  to  com- 
plicate the  development  of  simple  index  figures.  To 
meet  this  condition  three  sets  of  index  figures  have  been 
prepared. 

1.  A  price  trend  index,  based  on  the  varying  unit 
costs  of  a  composite  mile  composed  of  the  same  quan- 
tities and  materials  for  each  year. 

2.  A  usage  trend  index  that  shows  the  variations  in 
quantities  of  excavation,  surfacing,  and  structures 
actually  placed  in  the  composite  mile  constructed  each 
year. 

3.  A  cost  trend  index,  that  is  based  on  the  actual 
cost  of  the  composite  mile  constructed  each  year. 

Data  for  the  Federal  fiscal  years  1925  to  1929  were 
taken  as  a  basis  for  the  calculations.  The  variations 
in  price  trend  for  the  years  1922  to  1935  for  the  major 
components  as  well  as  for  the  composite  mile  are  shown 
in  figure  1. 

Price,  cost,  and  usage  trend  indexes  are  shown  in 
figure  2  for  the  period  1923  to  1934.  The  effects  of 
price  and  usage  are  combined  to  produce  a  cost  trend 
for  the  composite  mile.  The  cost  trend  follows  a  more 
uniform  course  than  does  either  the  usage  or  the  price 
trend . 


COST  TREND  OBTAINED  BY  COMBINING  PRICE  TREND  AND  USAGE 
TREND  FOR  COMPOSITE  MILE  OF  HIGHWAY 

The  data  covering  materials,  quantities,  and  unit 
costs  were  collected  by  the  Bureau  of  Public  Roads  from 
the  prices  shown  in  the  contracts  awarded  for  road 
construction  financed  in  whole  or  in  part  from  Federal 
funds  allotted  to  the  States  for  construction  on  the 
Federal-aid  highway  system.  Samples  were  taken 
from  work  financed  wholly  with  State  funds  and  it  was 
found  that  Federal-aid  and  State  projects  were  built 
to  about  the  same  standard. 




SURFACING 

-^ 



STR 

JCTU 

*ES 

1922      1923      1924      (925       1926      1927      1928      1929      1930       1931       1932      1933       1934      1935 


Figure  1. — Price  Trend  in  Highway  Construction.     Aver- 
ages for  1925  to  1929  Taken  as  a  Base. 

Careful  consideration  of  the  available  data  led  to  the 
conclusion  that  a  satisfactory  usage  index  could  be 
obtained  if  a  composite  mile  of  surfacing  representative 
of  the  types  of  construction  in  Federal-aid  and  State 
annual  programs  were  used.  Accordingly,  the  com- 
ponent types  of  surfacing  entering  into  the  composite 
mile  were  taken  from  records  of  the  combined  highway 
mileages  built  annually,  and  the  correlated  items  (grad- 
ing, structural  concrete,  and  steel)  were  based  on  the 
records  available  from  construction  with  Federal  funds. 
The  propriety  of  the  above  procedure  is  assured  by  the 
fact  that  governing  specifications  are  the  same  for  both 
Federal-aid  and  wholly  State  construction,  and  that 
design  and  supervision  of  construction  are  performed  by 
the  State  highway  departments. 

In  building  highways  throughout  the  country  the 
engineer  must  take  into  account  wide  differences  in 
soils,  availability  and  quality  of  materials,  temperature, 
rainfall,  traffic,  and  other  factors,  with  a  resulting  wide 
range  in  construction  practice.  Many  materials  are 
important  locally,  but  are  of  little  significance  to  the 
country  as  a  whole.  Therefore,  in  the  interest  of  sim- 
plifying reduction  of  data  the  following  general  items 
were  selected  as  a  basis  for  the  indexes. 

From  Bureau  of  Public  Roads  records  of  bid  prices: 

Excavation — 
Common. 
Unclassified. 
Rock. 

83 


84 


PUBLIC    ROADS 


Vol.  17,  No.  4 


1923  1924  1925  1926  1927  1928  1929  1930  1931  1932  1933  1934 

Figure  2. — Indexes  of  Highway  Construction  Cost.  Averages  for  1925  to  1929  Taken  as  a  Base.  Price  Index  Shows 
Trend  in  Cost  of  Composite  Mile  Composed  of  Same  Quantities  of  Excavation,  Surfacing,  and  Structures  in  Each 
Year.  Usage  Index  Shows  Trend  in  Quantities  of  Excavation,  Surfacing,  and  Structures  Used  Per  Mile  in  Each 
Year.     Cost  Index,  Taking  Account  of  Usage,  Shows  Trend  in  Actual  Cost  Per  Mile. 


Structures — 

Reinforcing  steel. 

Structural  steel. 

Structural  concrete,  class  A. 

Structural  concrete,  class  B. 

Structural  concrete,  class  C. 
From    records   of   mileage   of   State   highways   con- 
structed: 

Gravel  and  sand-clay. 

Macadam. 

Bituminous  macadam . 

Bituminous  concrete. 

Portland-cement  concrete. 

Brick. 

These  items  cover  somewhat  more  than  90  percent  of 
(he  total  cost  of  highway  construction.  Therefore, 
though  their  number  is  not  great,  they  appear  to  be 
adequate.  The  items  not  used  involve  about  the  same 
basic  commodities,  manufacturing  processes,  transpor- 
tation problems,  and  the  same  classes  of  labor  that  were 


involved  in  the  items  used.  To  include  them  would 
complicate  the  calculations  but  probably  would  neither 
clarify  nor  improve  the  result. 

These  representative  items  were  accumulated  and 
weighted,  and  further  consolidated  into  three  general 
groups — excavation,  surfacing,  and  structures.  The 
general  group  of  excavation  includes  the  three  types  of 
excavation,  common,  rock,  and  unclassified,  and  in 
addition  includes  the  low-type  surfaces  such  as  topsoil, 
sand-clay,  gravel,  and  treated  and  untreated  macadam. 
These  low-type  surfaces  have  a  low  materials  cost, 
generate  little  freight,  and  in  construction  methods  and 
nature  of  equipment  used  are  similar  to  grading  opera- 
tions, and  so  may  be  readily  converted  into  the  general 
group  of  excavation.  In  a  similar  manner  the  rigid 
types  of  surfacing  have  been  converted  into  equivalent 
concrete  pavement.  Structures,  which  include  bridges, 
culverts,  railroad  grade  crossings,  and  safety  devices, 
were  reduced  to  three  items:  Reinforcing  steel,  struc- 
tural steel,  and  structural  concrete.  The  resulting  final 
quantities  per  surfaced  mile  are  shown  in  table  1. 


Table  1. — Final  quantities  per  surfaced  milt 


Excavation 

Surfacing 

Structures 

\  ear 

Excava- 
tion 

Grave)  ' 

Water- 
bound 

macad- 
am 2 

Total  ex- 
cavation 

Bitumi- 
nous 
macad- 
am 

Bitumi- 
nous 
concrete 3 

Brick  4 

Portland- 
cement 
concrete 

Total 
surfacing 

Rein- 
forcing 
steel 

Struc- 
tural 
steel 

Struc- 
tural 
concrete 

1923 

Cubic 
yards 
8,068 
8,364 
9,238 
11,068 
10,  960 
12,  545 
17,028 
18,  946 
22,361 
18,  423 
21,461 
28,  270 

Cubic 
yards 
3,846 
3, 792 
4,  116 
4,695 
1,810 
4,  050 
4,  548 
4,426 
4,801 
4,874 
5,017 
6,  L63 

(  'u  hie 

yards 

1,002 

1,237 

945 

837 

1,329 

757 

1,029 

797 

683 

692 

908 

684 

Cubic 

tin  i ds 
12,916 
13,  393 
14.299 
16,600 
16,  599 
17,352 
22,  605 
24,169 
27,  845 
23, 989 
27, 3S6 
35,  117 

Square 

yards 
453 
391 
385 
405 
400 
692 
350 
345 
423 
429 
561 
515 

Square 
yards 
307 
351 
284 
215 
237 
273 
213 
247 
214 
218 
492 
508 

Square 

yards 

227 

137 

120 

103 

53 

86 

62 

92 

75 

76 

81 

42 

Square 
yards 
2,764 
2,960 
2,978 
2,452 
2,850 
3,297 
3,173 
3,640 
3,283 
3,332 
2,609 
1,360 

Square 
yards 
3,751 
3,839 
3,767 
3,175 
3,540 
4,348 
3,798 
4,324 
3, 995 
4,055 
3,  743 
2,425 

Pounds 
9,270 
12, 374 
13,  581 
14,070 
12,  773 
17, 075 
22,  503 
26,  852 
30,751 
29,243 
32,  131 
29,  963 

Pounds 
2,297 
2,258 
4,718 
3,  629 
3,301 
4,953 
5,024 
7,750 
12,216 
10, 807 
19,  249 
21, 733 

Cubic 
yards 
53 

1924 

67 

1925 

64 

1926 

68 

1927 

64 

1928 

65 

1929 

81 

1930 

122 

1931 

141 

1932 

102 

1933 

153 

1934. 

158 

1  Includes  sand-clay  and  topsoil. 

2  Includes  treated  and  untreated  macadam. 

3  Includes  sheet  asphalt. 

1  Includes  all  block  pavements. 
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Base  quantities  and  base  prices  (1925  to  1929)  are 
shown  in  table  2.  The  base  quantities  and  prices  are 
the  arithmetical  averages  of  the  quantities  and  prices 
by  years  for  the  base  period. 

Table   2. — Average  quantities  and  prices  for  the   years   1925  to 
1929,  used  as  a  base  for  computation  of  ind< 


Excavation 

Surfacing 

Reinforcing 
steel 

Structural 
steel 

Structural 

i -rete 

Year 

a 
a 

a^  r'' 

a 
a 
a 

-V 

:.  - 
Z  3 

a 

3 

a 

a/ 
— -3 

a,  a 
■_  p, 

0 
a 

3 

Of 

J-i 

£§ 

.„  o 

PL 

a 

3 

<3V 
P.S 

1925 

1926 

Cii. 

yd. 

1  1,299 
16,600 
10,  599 
17,352 
22,  605 

$0,386 
.364 

.  352 
.  337 
.316 

Sq. 
yd. 

3,  767 
3,175 
3,510 

4,  348 
3,798 

2.  280 
2.291 
2.  0U6 
2.055 

Lb. 
13,581 
14,070 
12,  773 
17,  075 
22,  503 

$0. 0565 
.0534 
.0510 
.  0492 
.0481 

Lb. 

4,718 
3, 629 
3,301 
4,  953 
5,024 

$0.  0667 
.  0730 
.0707 
.0671 
.0591 

Cu. 
yd. 

61 
68 
64 
6.5 

81 

$22.  534 
22.  760 

1927. 

22.  647 

1928. 

21.  216 

1929 

21.  582 

Total 

Average 

87,  455 
17,491 

1.755 
.351 

18,  628 
3,  726 

1  Miss 
2.218 

SI),  III).' 

16,000 

.2582 
.0516 

21,625 
4,325 

.  3372 
.  0674 

342 

68 

110.739 

22.  148 

The  price  index. — The  method  of  computing  the 
price  index  is  shown  in  tabic  ;■>.  The  composite  mile 
on  which  the  price  index  is  based  is  composed  of  the 


average,  quantities  of  excavation,  surfacing,  and  struc- 
tures as  determined  for  the  base  period  1925  to  1929. 
The  average  bid  price  for  each  of  these  items  is  shown 
for  the  years  1922  to  1935.  The  figures  given  in  the 
amount  columns  are  the  costs  of  the  average  quantities 
at  the  prevailing  rate  for  the  year  or  quarter.  The 
index  figures  give  a  comparison  between  the  year  or 
quarter  and  the  base  period  192f)  to  1929.  The' results 
given  in  this  table  are  shown  in  graphical  form  in 
figure  1. 

The  usage  index. — The  usage  index  shows  the  effect 
of  changing  practices  in  design  features  and  use  of 
materials  in  the  highway-construction  field.  It-  is 
obtained  by  applying  the  average  prices  as  determined 
for  the  base  period  to  the  various  quantities  of  the  base 
items  used.  The  result  shows  how  the  cost  would  have 
varied  because  of  changing  usage  had  the  unit  prices 
remained  constant.  These  changes  in  construction 
practices  are  shown  in  tabular  form  in  table  4,  and 
graphically  by  the  usage  trend  in  figure  2. 

The  cost  index. — The  cost  index  is  obtained  by  com- 
bining the  average  annual  quantities  used,  as  shown  in 
table  4,  with  the  average  annual  unit  prices  that  they 
cost.  This  index  is  shown  in  tabular  form  in  table  5  and 
graphically  by  the  cost  trend  in  figure  2. 


Table  3. — Price   trend   in   highway   construction 


Year 


Base  period,  1925  in  1929 

1922 

1923 

1924 

1925 

1926 

1927 

1928 

1929.. 

1930 

1931 

First  quarter 

Second  quarter 

Third  quarter 

Fourth  quarter 

1932 

First  quarter 

Second  quarter 

Third  quarter 

Fourth  quarter __ . 

1933 

First  quarter 

Second  quarter 

Third  quarter. 

Fourth  quarter 

193i 

First  quarter 

Second  quarter 

Third  quarter 

Fourth  quarter ._ 

1935 

First  quarter.  _ 

Second  quarter 

Third  quarter 


Excavation  '  ( 17,491  cubic 

yards) 


Bid 

pi  h  e 


Amount 


$6, 139 


7,031 

8,  186 
7,  504 
6,751 
6,  367 
6,157 
5,894 
5,  527 
5,  300 


5,195 
5,  072 
4,705 


3,166 
2.991 
3.  358 
3,323 


3,498 
4,338 
5,  194 

5,  054 


5,247 
5,072 
5,016 
4, 988. 


4,  460 
4,548 
4,355 


114.5 
133.3 
122.2 

110.0 
103.7 
100.3 
96.  o 
90.0 
86.3 


84  6 

82.6 
76.  6 
65.0 


51.6 
48.7 
54.7 
54.1 


57.  0 
70.7 
84.6 
82.3 


85.5 
82.6 
81.7 
81.3 


72.7 
74.1 
70.9 


2.28 
2.43 
2.40 
2.36 
2.29 
2.  29 
2. 10 
2.05 
1.86 


1.79 
1.77 
1.59 
1.56 


1.52 
1.47 
1.35 
1.41 


1.49 
1.58 
1.74 
1.85 


1.90 
1.98 
1.  92 
1.82 


1.90 
1.89 
1.88 


9,047 
8,950 
8,793 
8,518 
8,536 
7,810 
7,  657 
6,  949 


6,  666 
6,  580 
5,  924 
5, 809 


5,  656 
5,481 
5, 045 
5,377 


5,552 
5,894 
6,  498 
6,904 


7,079 
7,377 

7,  161 
6,7*1 


7,091 
7,031 

7,  009 


102.7 
109.5 
108.3 
100.4 
103.1 
103.3 
04.  5 
92.  7 
84.  1 


SO.  7 
79.6 
71.7 
70.3 


os.  l 
66.3 
61.0 
65.1 


67.  2 
71.3 
78.  r, 
83.5 


85.  7 

S9.  3 
80.7 
82.  i 


85.8 
85.1 


Sub- 
index 


100.0 


Surfacing  2  (3,720 
yards) 


Bid 
price 


$2.  22 


Amount 


$8,  264 


Sub- 
index 


100.0 


Structures 


Reinforcing  steel 

(16,000  pounds) 


Bid 
price 


$0.  052 


Amount 


$820 


.050 
.057 
.057 
.056 
.053 
.051 
.049 
.048 
.045 


.042 
.041 
.040 
.037 


.030 
.034 
.033 
.033 


.032 
.035 
.041 
.042 


.042 
.042 
.042 
.044 


.044 
.044 
.044 


soo 

920 
O.'O 
904 
854 
816 
7S7 
770 
715 


672 

658 
634 
594 


571 
538 
526 
528 


506 


057 
669 


072 
078 
680 
712 


099 
712 
709 


Structural  steel 
(4,325   pounds) 


Bid 
price  ; 


Amount 


$0  067 


.074 
.078 
.077 
.067 
.074 
.071 
.  067 
.059 
.061 


.055 
.051 
.052 
.050 


.049 

.  045 
.043 

.  04S 


.043 
.043 
.049 
.049 


.  049 
.051 
.  053 
.057 


.051 

.052 
.052 


$291 


321 
338 
333 
288 
318 
306 
290 
250 
264 


240 
219 
224 
244 


211 
197 
184 
208 


187 
188 
212 
212 


212 
221 
23 1 

245 


219 
225 
224 


Structural  con- 

crete  168  cubic 

yards) 


Bid 
price  : 


$22. 15 


20.18 
23.  37 
22.91 
22.  53 
22.  76 
22.  65 
21.22 
21.58 
20.  08 


18.  90 
18.48 
17.49 
17.22 


15.22 

n  os 
14.  S2 
!(,.  28 


15.44 
11.67 
17.  36 
17.12 


17.82 
17.31 
17.98 
17.81 


17.62 
17.51 
17.22 


$1,506 


Combined 


Amount 


$2, 623 


1.372 
1,589 
1,558 
1,532 
1,548 
1,540 
1,443 
1,468 
1,365 


1,285 
1,257 
1,189 
1,171 


1,035 
1,019 
1,008 
1,107 


1,050 

997 

1, 180 

1,163 


1,212 
1,177 

1,222 
1,211 


1.  19S 
1,191 
1,171 


2,  193 
2,847 
2,811 
2,724 
2,720 
2,  002 
2.  520 
2,494 
2.344 


2,197 

2,  134 
2.017 
2,000 


1.817 
1,754 

1.71s 
1,843 


1,743 
1,737 

2,019 
2.  044 


2,  096 

2.076 
2,  133 
2,  108 


2,  1 16 
2,  128 
2,  104 


Sub- 
index 


100.  0 


95.  1 
108.6 
107.2 
103.9 
103.  7 
101.5 
96.1 
95.0 
89.  4 


83.7 
81.3 
78.0 
76.  6 


69.  3 
66  8 

05.  5 
70  3 


66.4 
66.  2 
78.1 
77.9 


79,  0 

79.  1 
81.3 
82.7 


80.7 
81.1 
80.2 


Composite  mile 


Total 
amount 


$17,020 


18,012 
20,080 
19,  265 
18,  268 
17,  605 
17,  355 
16,  224 
15,07.8 
14,593 


14,058 
13,786 
12,676 
11,806 


10,  639 
10,  226 
10.121 
10,  543 


10,  793 
11,969 
13,741 
14,002 


14,422 
14,525 
14,310 
13,937 


13,  607 
13,  707 
13,468 


Index 


100.0 


105.8 
117.9 
113.  1 
107.3 
103.  4 
101.9 
95.3 
92.1 
85.  7 


82.  0 
81.0 
74.4 
0.9.  3 


02.  5 
1,0  1 
59.  4 
61.9 


03.  4 
70.  3 


82.2 


84.7 
85.  3 
84.0 
81.9 


80.3 
80.5 
79.1 


1  Common  excavation  plus  other  excavation  items  expressed  as  equivalent  common  excavation. 

2  Portland  cement,  concrete  plus  other  surfacing  items  expressed  as  equivalent  Portland  cement  concrete 

3  Indexes  and  totals  were  calculated  with  the  bid  prices  carried  to  1  more  decimal  place  than  that  to  which  they  an-  shown  in  this  table. 
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Table  4. —  Usage  trend  in  highway  construction 


Excavation  '  ($0,351  per 
cubic  yard) 

Surfacing  «  ($2,218  per 
square  yard) 

Structures 

Compos 

Year 

Reinforcing  steel 

($u  or,  16  per 

pound) 

Structural  steel 

($0.0674  per 

pound) 

Structural  con- 
crete ($22,148  per 
cubic  yard) 

Combined 

ite  mile 

Quan- 
tity 

Amount 

Sub- 
index 

Quan- 
tity 

Amount. 

Sub- 
index 

Quan- 
tity 

Amount 

Quan- 
tity 

Amount 

Quan- 
tity 

Amount 

Amount 

Sub- 
index 

Total 
amount 

Index 

Base  period,  1925  to  1929.- 

<  'ubic 
yards 
17.491 

$6, 139 

100.0 

Square 

yards 
3,  726 

$8, 264 

100. 0 

Pounds 

16,  000 

tv.'i, 

Pounds 
4,325 

$291 

( 'ubic 

yards 
68 

$1,506 

$2, 623 

100.0 

$17, 026 

100. 0 

1923     

12,916 
13,  393 
14,299 

16,600 
16,  599 
17,352 

22,  605 
24. 169 
27, 845 

23,  989 
27,  386 
35, 117 

4,  533 
4,701 

5,019 
6,827 
5.826 
6, 091 

7,  934 
8,483 
9,  77-1 

8,  4211 

9,  612 
12,  326 

73.8 
76.6 
81.7 
94.9 
94.9 
99.  2 
129.  2 
138.2 
159.  2 
137.2 
156.  6 
200.8 

3,751 
3, 839 
3.767 
3,  175 

3,  540 

4,  348 
3,  798 
4,324 
3,995 
4,055 
3,743 
2,425 

8,320 
8,515 
8,355 
7,042 
7,852 
9,  614 
8,424 
9,  591 
8,861 
8,994 
8,302 
5,379 

100.7 
103.0 
101.1 
85.2 
95.0 
116.7 
101.9 
116.0 
107.2 
108.8 
100.5 
65.1 

9,270 
12,374 
13,581 
11,070 
12,773 
17,075 
22,  503 
26,  852 
30,  751 
29,  243 
32, 131 
29,  963 

478 

638 

701 

726 

659 

881 

1,161 

1,386 

1,587 

1,509 

1,658 

1,546 

2,297 
2,258 
4.718 
3,629 
3,301 
4,953 
5,024 
7,750 
12,216 
10, 807 
19,  249 
21,  733 

155 
152 
318 
245 
222 
334 
339 
522 
823 
728 
1,297 
1,465 

53 

67 
64 
68 
64 
65 
81 
122 
141 
102 
153 
158 

1,174 

1,484 
1,417 
1,506 
1,417 
1,440 
1,794 
2,702 
3,123 
2,259 
3,389 
3,499 

1,807 
2.274 
2, 436 
2!  477* 
2,298 
2,655 

3,  294 
4,610 
5,533 

4,  496 
6,344 
6,510 

68.9 
86.7 
92.9 
94.4 
87.6 
101.2 
125.  6 
175.7 
210.9 
171.4 
241.9 
248.2 

14, 660 
15.490 
15,810 
15,346 
15,976 
18,  390 
19,652 
22,  684 
24, 168 
21,910 
24,  258 
24,  215 

86.1 

1924                            

91.0 

1 925            

92.9 

iy26        

90.1 

iy27            .   

93.8 

1928              

108.0 

1929            

115.4 

1930            - 

133.2 

1931                   

141.9 

1932               -- 

128.7 

1933 

142.5 

1!04                 

142.2 

1  Common  excavation  plus  otber  excavation  items  expressed  as  equivalent  common  excavation. 

'■'  Portland-cement  concrete  plus  other  surfacing  items  expressed  as  equivalent  portland-cement  concrete. 

Table  5. — Cost  trend  in  highway  construction 


Excavation  ' 

Surfacing  -' 

Structures 

Composite 

Reinforcing  steel 

Structural  steel 

Structural  concrete 

Combine,: 

mile 

"i  ear 

0 

c. 
■a 

5 

0 

3 

<y 

p 
3 
0 

a 

< 

a, 

•a 
a 
3 
3 

CO 

0. 
•a 

s 

>. 

c 
3 
O 

p 

3 

0 
B 
< 

X 

<s 

•a 
a 
3 
3 

CO 

P. 

■a 

5 

a 
3 

c 
3 

0 

a 

0 

a 
3 

a 

3 

a 

3 

0 

a 
< 

a 

s. 

5 

a 
3 

a 

3 

0 

a 
< 

p 
3 
0 

a 

S-l 

■a 
a 
3 
3 

CO 

p 
3 
0 

a 
■< 

CD 

■v 
c 

Base  period,  1925  to  1929. 

$0.35 

Cubic 
yards 
17,491 

$6,139 

100.0 

$2.22 

Square 
yards 
3,726 

$8,  264 

100.0 

$0.  052 

Pounds 
16,000 

$826 

$0.  067 

Pounds 
4,325 

$291 

$22. 15 

Cubic 

yards 

68 

$1,  506 

$2,  623 

100.0 

$17, 026 

100.0 

1923 

.47 
.43 
.39 

.36 
.35 
.34 
.32 
.30 
.27 
.18 
.26 
.29 

12,916 
13, 393 
14,  299 
16,  600 
16,  599 
17,352 
22,  605 
24, 169 
27, 845 
23, 989 
27,  386 
35, 117 

1;,  111.", 
5,746 
5,519 
6,042 
5,843 
5,848 
7,143 
7,323 
7,  546 
4,378 
7,066 
10, 184 

'.ft  '., 
93.6 
89.9 
98.4 
95.2 
95.2 
116.4 
119.3 
122.9 
71.3 
115.1 
165.9 

2.43 
2.40 
2.36 
2.29 
2.29 
2.10 
2.05 
1.86 
1.68 
1.44 
1.67 
1.91 

3,751 
3,839 
3,767 
3, 175 
3,540 
4,348 
3,798 
4,324 
3,995 
4,055 
3,743 
2,425 

9,107 
9,221 
8,890 
7,  258 
8,110 
9,113 
7,805 
8,064 
6,696 
6,859 
6,240 
4,622 

110.2 

111.6 

107.6 

87.8 

98.1 

110.3 

94.4 

97.6 

81.0 

70.9 

75.5 

55.9 

.057 
.057 
.056 
.053 
.051 
.049 
.048 
.045 
.040 
.034 
.037 
.043 

9,270 
12,374 
13,581 
14, 070 
12,773 
17, 075 
22,  503 
26, 852 
30,  751 
29,  243 
32,131 
29, 963 

533 

711 

767 

751 

651 

840 

1,082 

1,200 

1,227 

994 

1,195 

1,285 

.078 
.077 
.067 
.074 
.071 
.067 
.059 
.061 
.054 
.046 
.046 
.052 

2,297 
2,258 
4,718 
3,629 
3,301 
4,953 
5,024 
7,750 
12,  216 
10,  807 
19, 249 
21,733 

ISO 
174 
315 
267 
233 
332 
297 
473 
655 
499 
SS9 
1,139 

23.37 
22.  91 
22.53 
22.76 
22.65 
21.22 
21.  58 
20.08 
18.02 
15.32 
16.15 
17.73 

53 
67 
64 
68 
64 
65 
81 
122 
141 
102 
153 
158 

l,2:v.l 
1,535 
1,442 
1,548 
1,449 
1,  379 
1,748 
2,449 
2,541 
1,563 
2,470 
2,801 

1,952 
2,420 
2,524 
2,566 
2,333 
2,551 
3,127 
4,122 
4,423 
3,056 

4.  554 

5,  225 

74.4 
92.3 
96.2 
97.8 
89.0 
97.3 
119.2 
157.2 
168.6 
116.5 
173.6 
199.2 

17,104 
17,387 
16,933 

15,  866 

16,  286 
17,512 
18,  075 
19,509 
18,  665 
13,  293 
17,860 
20, 031 

100.5 

1924.  .          

102.  1 

1925 

99.5 

1926 

93.2 

1927 _ 

95.7 

1928 

102.9 

1929 

106.2 

1930 

114.6 

1931 

109.  6 

1932 

78.1 

1933 

1934 

104.9 
117.6 

1  Common  excavation  plus  other  excavation  items  expressed  as  equivalent  common  excavation. 

2  Portland-cement  concrete  plus  other  surfacing  items  expressed  as  equivalent  portland-cement  concrete. 

!  Indexes  and  totals  were  calculated  with  the  bid  prices  carried  to  1  more  decimal  place  than  that  to  which  they  are  shown  in  this  table. 
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A  STUDY  OF  ROAD  TARS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  R.  H.  LEWIS,  Associate  Chemist,  and  J.  Y.  WELBORN,  Junior  Highway  Engineer 


THE  Federal  specifications  used  by  the  various 
agencies  of  the  Federal  Government  include  a  num- 
ber of  standard  specifications  for  tar  products  used  in 
road  construction.  The  road  tar  specifications  that  are 
in  current  use  are  summarized  in  table  1.  This  table 
lists  the  specification  designation,  the  requirements  for 
the  physical  and'chemical  properties  of  materials  meet- 
ing particular  grades,  and  the  kinds  of  tars  to  be  used 
in  the  preparation  of  the  finished  products. 

While  there  may  be  considerable  variation  in  test 
limits,  the  tests  required  by  the  Federal  specifications 
are  typical  of  those  usually  included  in  tar  specifications 
throughout  the  United  States.  Some  English  and 
other  European  specifications  limit  the  amount  of  am- 
monia, tar  acids,  naphthalene,  and  anthracene  in  their 
road  tars,  but  American  specifications  generally  do  not. 

The  characteristics  of  the  various  grades  of  tars  are 
dependent  on  the  physical  and  chemical  properties  of 
the  base  tars  used  in  their  preparation.  As  shown  in 
table  1,  the  materials  that  are  generally  specified  for 
production  of  road  tars  are  coal  tars,  either  gas-house 
or  coke-oven,  and  water-gas  tars.  The  standard  defini- 
tions of  these  products,  A.  S.  T.  M.  designation  D  8-33 
are  as  follows: 

Gas-house  coal  tar:  Coal  tar  produced  in  gas-house 
retorts  in  the  manufacture  of  illuminating  gas  from 
bituminous  coal. 

Coke-oven  tar:  Coal  tar  produced  in  byproduct  coke 
ovens  in  the  manufacture  of  coke  from  bituminous  coal. 

Water-gas  tars:  Tars  produced  by  cracking  oil  vapors 
at  high  temperatures  in  the  manufacture  of  carbureted 
water  gas. 

The  properties  of  these  tars  can  be  greatly  altered  not 
only  by  the  character  of  the  oil  or  coal  used  but  also  by 
the  methods  and  temperatures  involved  in  the  various 
processes  used  in  their  production.  For  instance, for 
many  years  carbureted  water  gas  was  manufactured 


using  gas  oil,  a  fraction  of  petroleum  distillate  coming 
off  immediately  after  the  kerosene  fraction.  In  recent 
years  fuel  oil,  which  is  either  a  heavier  distillate  or  a 
mixture  of  distillate  with  a  base  petroleum,  has  also 
been  utilized  for  carburetion.  The  tars  resulting  from 
the  use  of  the  two  types  of  oil  have  widely  different 
properties. 

J.  Edwards  has  stated  '  that  while  the  usual  labora- 
tory tests  are  of  value,  future  control  must  not  be 
limited  to  laboratory  tests  only.  He  intimated  that 
the  amount  and  kind  of  base  tar  and  the  kind  and 
quantity  of  blending  oils  should  also  be  specified,  since 
these  are  vital  factors  that  determine  the  suitability  of 
the  tar  for  a  particular  use.  Some  States  have  already 
adopted  such  specifications.  The  following  1934  speci- 
fication of  a  State  highway  department  for  a  coal-tar 
cutback  is  of  this  type  and  not  only  sets  specification 
limits  for  the  finished  product  but  also  specifies  the  test 
characteristics  of  the  base  and  flux  used  in  producing 
the  material. 

STATE  SPECIFICATION  FOR  COAL-TAR  CUTBACK  DISCUSSED 

This  specification  covers  coal-tar  cutback  for  treat- 
ment of  earth  roads  as  follows:  This  material  shall 
contain  not  less  than  40  nor  more  than  90  percent  by 
volume  of  refined  coal-tar  base,  fluxed  with  a  tar 
material  (liquid  at  60°  F.),  which  shall  make  a  homo- 
geneous mixture.  The  flux  shall  be  a  water-gas  tar  or 
either  distillates  of  water-gas  tar  or  coal  tar  or  a  com- 
bination of  water-gas  tar  and  the  above  distillates. 
The  flux,  base,  and  mixture  shall  conform  to  the 
requirements  shown  in  table  2,  in  which  the  specific 
viscosity  of  the  mixture  will  be  subject  to  variation 
within  the  limits  designated,  as  may  be  directed. 


1  Prepared  Tars  and  Their  Application  to  Road  Construction.    Roads  and  Road 
Construction,  vol.  XIII,  no.  147.  March  1935. 


Table 

1. — Summary 

of  Federal  specifications  for  tar  products  used  in  road  construction 

Consistency 

Specific 
gravity  at 
25°/25°  C. 

Bitu- 
men 
(soluble 
in  CSj) 

Total  distillate  (by  weight)— 

Soften- 
ing 

point  of 

distilla- 
tion 

residue 

Water 

Federal  specification 
designation 

Engler  specific 
viscosity 

Float  test 

To  170° 
C. 

To  235° 
C. 

To  270° 
C. 

To  300° 
C. 

Produced  from 

At  40° 
C. 

At  50° 
C. 

At  32° 
C. 

At  50° 
C. 

TC-1-25 

8-13 
13-18 
18-25 
25-35 

Secon  ds 

Seconds 

1.U90+ 
1.090+ 
1.100+ 
1. 10-1. 18 
1. 10-1. 22 
1.10-1.22 

1.09-1.19 
1-10-1.20 

1. 140+ 

1.15-1.20 
1.20-1.26 
1.15-1.20 
1.20-1.26 
1. 15-1.  20 
1. 20-1. 26 

Percent 
90+ 
90+ 
90+ 
90+ 
87+ 
87+ 

80+ 
80+ 

85+ 

95+ 
80-95 

95+ 
80-95 

95+ 
80-95 

Percent 
7- 
5- 
5- 
3- 
5- 
5- 

2-8 
2-8 
1- 

Percent 

8-20 
8-20 

Percent 
32- 
30- 
30- 
30- 
25- 
25- 

16-28 
16-28 
15- 

10- 
10- 
10- 
10- 
10- 
10- 

Percent 
42- 
40- 
40- 
40- 
>35- 
»35- 

36- 
36- 

25- 

20- 

20- 
20- 
20- 
20- 
20- 

°  C. 
60- 
60- 
60- 
60- 

35-60 

35-60 

65- 
65- 

65- 

65- 
65- 
65- 
65- 
65- 
65- 

Percent 
2- 
2- 
2- 
2- 
2- 
2- 

2- 
2- 

0 

0 
0 
0 
0 
0 
0 

1 

TC-2-25 

TC-3-25 

TC-4-25 

| 

TM-1 

16-26 
26-36 

1  Qas-house,  coke-oven,  and/or  water-gas 
J    tars.1 

TM-2 

TR-1-25 

36-60 
60-80 

(Refined  gas-house,  coke-oven  and/or 
<    water-gas  tars  fluxed  with  suitable 
I    distillates.1 
Gas-house,  coke-oven,  water-gas, and/or 

TR-2-25 

TH-1« 

60-150 

TP-1-25 

100-1C0 
100-160 
130-190 
130-190 
160-220 
160-220 

similar  tars.' 
Refined  water-gas  tar.1 

TP-2-25 

Gas-house  and/or  coke-oven  tar  • 

TP-3-25 

Refined  water-gas  tar.1 

TP-i-25 

Gas-house  and/or  coke-oven  lur.' 

TP-5-25 

Refined  water-gas  tar.* 

TP-6-25 

Gas-house  and/or  coke-oven  tar.' 

'  The  material  shall  be  homogeneous. 

»  Specific  gravity  of  total  distillate  3S°/38°  C.  minimum  (water  free),  0.96. 

3  The  Federal  specifications  designate  this  material  as  refined  hot-applicatiou  tar.     For  convenience,  the  designation  I'll   I  Is  used  in  this  report. 

'  The  material  shall  be  homogeneous  and  free  from  water. 
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LE    2. 


-Requirements  for  flux,  base,  and  mixture  of  a  coal-tar 
cutback 


Flux 

Base 

Mixture 

Mini- 
mum 

Maxi- 
mum 

Mini- 
mum 

Maxi- 
mum 

Mini- 
mum 

Maxi- 
mum 

2.0 

Specific  gravity  at  25o/250  C 
Specific  viscosity,  Engler: 

1.00 

1.  12 

1.14 
0.0 

1.  22 
30.0 

1.  11 

1.  10 

1.1 
95 

2;", 

3.0 

7 
87 

5.0 

89 

0.  90 
35 

s  0 

Soluble  in  carbon  disulphide, 

88 
1.00 

07 

4.5 

35 

65 

'.IS 

Distillation  (A.  S.  T.  M.): 
(I  170°  •  '.,  per  cent  by  weight 
o  :i()()0  C,  per  cent  by  weight... 

Specific  gravity  at  38738°  C.  of 
total  distillate  (water  free)  to 
300°  C  -. 

7 
45 

Softening   point  of  distillation 
residue,  °  C.   (ring  and  ball 

00 

Where  the  consumer  has  adqeuate  facilities  for  plant 
inspection,  a  specification  of  this  type  may  be  advan- 
tageous. However,  with  the  usual  laboratory  control, 
test  requirements  on  the  finished  products  will  usually 
prove  satisfactory.  As  shown  in  table  1,  the  Federal 
specifications  give  the  tar  refiners  considerable  leeway 
in  the  manufacture  of  the  various  grades  of  road  tar 
from  (heir  available  sources  of  crude  tar.  With  the 
exception  of  the  TP  grades  1,  3,  and  5,  that  require 
the  materials  to  be  refined  water-gas  tar,  and  the  TP 
grades  2,  4,  and  6,  that  require  the  materials  to  be 
refined  from  suitable  gas-house  and/or  coke-oven  tars, 
all  other  grades  allow  the  producer  to  use  a  tar  from  a 
single  source  or  to  blend  such  materials  as  any  of  the 
above  with  or  without  suitable  distillates  as  may  be 
necessary  to  meet  the  specification. 


The  Federal  specifications,  as  well  as  specifications  of 
the  special  type  already  described,  control  the  quality 
and  grade  of  tar  products  suitable  for  various  types  of 
road  construction  by  consistency  tests,  such  as  the  vis- 
cosity and  float  tests,  by  determination  of  free  carbon,2 
and  by  an  accelerated  laboratory  evaporation  test. 
The  evaporation  test  in  general  use  for  all  tar  products 
is  the  distillation  test,  which  not  only  gives  the  amount 
of  total  volatile  matter  present  in  the  tar  but  also  indi- 
cates the  probable  rate  at  which  these  volatile  con- 
stituents may  be  lost  under  service  conditions.  A 
softening  point  determination  on  the  residue  from  dis- 
tillation has  been  considered  as  a  measure  of  consistency 
of  the  material  that  would  be  present  as  active  1  tinder 
when  the  volatile  matter  has  evaporated  from  the  road 
surface. 

In  order  to  determine  how  present-day  tars  conform 
to  the  Federal  specifications,  35  tar  products  were 
obtained  from  5  of  the  leading  tar  refiners.  The  lab- 
oratory study  of  these  materials  is  the  subject  of  this 
report. 

TYPICAL  GRADES  OF  ROAD  TAR  FROM  MAJOR  PRODUCERS 
STUDIED 

In  table  3  the  samples  of  these  road  tars  are  grouped 
according  to  their  conformity  to  Federal  specification 
grades,  and  the  composition  of  the  materials  as  reported 
by  the  producers  is  shown.  The  intended  use  of  the 
Federal  specification  grades,  as  well  as  the  use  recom- 
mended by  the  producers,  are  also  given.  Samples  22, 
23,  and  31,  submitted  by  producer  C  and  designated 
as  "special",  did  not  meet  any  particular  specification. 

2  Free  carbon  in  tars  is  defined  by  the  American  Society  for  Testing  Materials 
designation  D  8-33  as  organic  matter  that  is  insoluble  in  carbon  disulphide.  The 
term  will  be  so  used  in  this  report. 


Table  3. — Comparison  of  road  tars  with  standard  Federal  specifications 


Bureau 
labora- 
tory 

Iden- 
tifica- 
tion 

no. 

37996 

7 

39003 

14 

39009 

20 

39016 

24 

37990 

1 

39004 

15 

39010 

21 

39028 

33 

39005 

16 

39017 

25 

37992 

3 

39006 

17 

37997 

8 

38000 

11 

39007 

18 

39030 

35 

37994 

5 

39008 

19 

39018 

26 

37998 

9 

37995 

6 

37999 

10 

39019 

27 

37991 

2 

39001 

12 

39027 

32 

39020 

28 

39002 

13 

39021 

29 

37993 

4 

39022 

30 

39029 

34 

39011 

22 

39012 

23 

39026 

31 

Standard  Federal  specification 


Grade 


TC-1-25. 

TC-2-25. 

JTC-3-25. 
Wc-4-25. 

TM-1... 


•TM-2. 


TR-1-25. 
TR-2-25. 


TH-1. 


TP-1-25. 
TP-2-25. 
TP-4-25. 

•TP-6-25. 

Special... 
.do... 


.do. 


Intended  use 


Prime. 


Surface  treatment. 
....do..... 


.do. 


fMixed-in-place     surfaces,     open-\ 
\    graded  aggregate.  J 


.do- 


Repair  work  (used  cold) 

Repair  work  (usually  warmed). 

Hot  surface  treatment. 


Bituminous  macadam. 

do 

do 


.do. 


Pro- 
duced 
by 


Information  furnished  by  producer 


Produced  from— 


Water-gas  tar 

Bunker  C  tar+water-gas  tar 

Coal  tar+water-gas  tar 

Coal  tar+water-gas  tar  and/or  dis- 
tillate. 

Coal  tar+water-gas  tar  ' 

Bunker  C  tar+water-gas  tar 

Coal  tar+water-gas  tar 

do.*.. 

Bunker  C  tar+water-gas  tar 

Coal  tar+water-gas  tar  and/or  dis- 
tillate. 

Coal  tar+water-gas  tar  ' 

Bunker  C  tar+water-gas  tar 

Water-gas  tar 

do- 


Bunker  C  tar+water-gas  tar 

Coal  tar+water-gas  tar  2 

do.' 

Bunker  C  tar+water-gas  tar 

Coal  tar+water-gas  tar  and/or  dis- 
tillate. 

Water-gas  tar 

Coal  tar+distillate ' 

Water-gas  tar 

Coal  tar+distillate 

Coal  tar' 

Water-gas  tar 

Coal  tar+water-gas  tar  2 

Coal  tar 


Water-gas  tar 

Coal  tar 

do.' 

do 

Coal  tar+water-gas  tar  !_ 

Coal  tar. 

Thin  water-gas  tar 

Bunker  C  tar... 


Intended  use 


Prime. 
Do. 
Do. 
Do. 

Do. 
Light  surface  treatment. 

Do. 
Light  surface  treatment  and  prime. 
Heavy  surface  treatment  and  honing. 
Cold  surface  treatment. 

Do. 
Mulch  honing. 
Cold  surface  treatment.     Reclamation  work. 
Retread  or  mixed-in-place. 
Mulch  honing. 
Retread  or  mixed-in-place. 
Retread  construction. 
Mixed-in-place  with  broken  stone. 
Mixed-in-place  and  drag  surface  treatment. 

Patching  (used  cold). 

Repair  work. 

Repair  work  (used  warm) . 

Repair  work  (used  cold). 

Hot  surface  treatment. 

Hot  surface  treatment  and  seal  coat. 

Hot  surface  treatment;  wearing  coat  or  seal. 

Hot  surface  treatment;  second  application  for 

mixed-in-place. 
Penetration  macadam. 
Hot  repair  and  crack  filler. 
Penetration  macadam. 

Do. 

Do. 

Flux  for  samples  14, 15, 16, 17, 18,  and  19. 
Base  for  samples  14, 15, 16, 17, 18, and  19. 


'  No  information  furnished.    Classification  based  on  test  results. 

»  Classification  based  partly  on  information  furnished  by  producer  and  partly  on  test  results. 
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One  or  more  of  the  other  samples  represented  each  of 
the  specification  grades  shown  in  table  1,  except  grades 
TP-3  and  TP-5.  These  grades  are  for  refined  water- 
gas  tars  that  have  the  same  range  in  consistency  as  the 
coal  tar  grades  TP-4  and  TP-6,  respectively. 

The  laboratory  study  of  these  road  tars  included  tests 
to  determine  their  conformity  with  the  particular  Fed- 
eral specifications,  and  other  tests  which,  although  not 
usually  made  on  road  tars,  might  develop  information 
of  value  relative  to  their  physical  and  chemical  charac- 
teristics. In  order  to  determine  how  these  materials 
lose  their  volatile  matter  under  accelerated  weather- 
ing conditions  and  to  determine  the  character  of  the 
resulting  residues,  all  of  the  tars  were  exposed  in  thin 
films  to  the  action  of  air,  light,  and  solar  heat.  The 
residues  from  exposure  and  the  distillation  residues  were 
subjected  to  the  same  laboratory  tests  so  that  the  phys- 
ical and  chemical  characteristics  of  the  residues  obtained 
by  both  methods  might  be  compared. 

In  order  to  determine  the  binding  values  of  the  orig- 
inal materials  and  of  their  distillation  residues,  Hub- 
bard-Field  stability  cylinders  were  made  with  these 
materials  combined  with  a  standard  sand  and  the  sta- 
bility of  these  cylinders  was  determined.  Cylinders 
containing  the  original  tars  and  exposed  under  the 
same  conditions  as  the  thin  films  were  tested  for  sta- 
bility to  determine  the  development  of  binding  value 
under  accelerated  weathering. 

The  laboratory  tests  made  on  the  35  tar  products  to 
show  their  conformity  to  the  various  Federal  specifica- 
tion grades  were  as  follows: 

Specific  gravity  at  25°/25°  C. 

Specific  viscosity    Engler,  at  40°  C.  and  50°  C. 

Float  test  at  32°  C.  and  50°  C. 

Solubility  in  caibon  disulphide. 

Distillation  test,  A.  S.  T.  M.  D  20-30. 

Softening  point  of  distillation  residue. 

The  laboratory  tests  made  to  obtain  data  of  special 
interest  were: 

Specific  viscosity,  Engler,  at  60°  C. 
Saybolt-Furol  viscosity  at  25°,  40°,  50°,  and  60°  C. 
Specific  gravity  at  38°/38°  C.  of  total  distillate. 
A.  S.  T.  M.  method  D  402-34  T  of  pouring  distillation  residue. 
Softening  point  of  residue  obtained  under  above  method. 
Ductility   at    10°,    15°,   20°,   and   25°    C.   on   residues  from 
A.  S.  T.  M.  D 20-30  distillation. 

The  A.S.T.M.  and  A.  A.  S.  H.  O.  designations  of 
methods  of  making  these  tests  are  given  in  table  4. 

Table  4. —  Tests  methods  used  in  studying  road  tars 


Test 


Specific  gravity 

Specific  viscosity,  Engler 

Saybolt-Furol  viscosity 

Float  test 

Penetration 

Softening  point,  ring  and  ball. 

Ductility 

Solubility  in  CS  j 

Water 

Distillation 

Do 


Method  of  test 


A.S.T.  M. 
designation 


D  70-27.. 


D  88-33. . . 
D  139-27. . 

D  5-25 

D  36-26_ . . 
D 113-26 T. 

D4-27 

D  95-30... 
D  20-30. . . 
D 402-34 T. 


A.  A.  S.  H.  O. 
designation 


T-43. 
T-54. 
T-72. 
T-50. 
T-49. 
T-53. 


T-44. 
T-55. 
T-52. 
T-78. 


TARS  STUDIED  WERE  IN  GENERAI^CONFORMANCE  WITHIFEDERAL 
SPECIFICATIONS 

The  results  of  laboratory  tests  made  to  deterrnine 

conformity  with   Federal  specifications   are   given  in 

table  5  and  show  that  only  four  of  the  road  tars  failed 

a  to  meet  all  of  the  requirements  of  the  specifications  for 


the  appropriate  grades  of  material.  The  softening 
point  of  the  distillation  residue  of  sample  17  was  0.4°  C. 
over  the  maximum  limit  for  TC-4  material.  The 
amount  of  distillate  of  sample  27  up  to  170°  C.  was 
0.51  percent  under  the  minimum  limit  for  TR-2 
material.  The  float  of  sample  28  was  215  seconds, 
or  65  seconds  greater  than  the  specification  require- 
ment for  TH-1  material.  Sample  13  failed  to  meet 
the  specification  for  TP-1  material  which  requires  the 
solubility  in  carbon  disulphide  to  be  greater  than  95 
percent.  The  three  specifications  for  TP  materials 
produced  from  water-gas  tars  require  high  solubility  in 
carbon  disulphide. 

Samples  22,  23,  and  31  did  not  meet  any  particular 
specification.  The  tests  on  sample  22,  a  heavy,  de- 
hydrated coal  tar,  indicated  that  it  had  too  high  a  free 
carbon  content  to  be  satisfactorily  processed,  without 
fluxing,  to  meet  any  of  the  Federal  specifications. 
Sample  23  was  a  very  thin,  water-gas  tar,  too  fluid  for 
direct  use  in  road  construction.  Sample  31,  while 
meeting  the  specification  for  TH-1  material  except  that 
its  residue  from  distillation  had  too  high  a  softening 
point,  was  submitted  with  sample  23  as  the  base  and 
flux,  respectively,  which  producer  C  used  in  the  road 
tars  represented  by  samples  14  to  19  inclusive.  Using 
the  specific  gravities  of  samples  23  and  31  and  assuming 
no  change  in  volume  when  mixing  these  two  products, 
samples  14,  15,  1G,  17,  18,  and  19  contained  approxi- 
mately, by  weight,  30,  35,  40,  45,  50,  and  55  percent, 
respectively,  of  sample  31  as  the  base  in  the  blended 
tars.  Although  the  percentage  composition  of  the 
other  blended  tars  could  not  be  definitely  established, 
the  more  fluid  materials  having  the  lowest  densities 
were  perhaps  chiefly  water-gas  tars.  The  blends  of 
water-gas  tars,  bunker  C  water-gas  tar,  and  the  blends 
of  coal  tar  and  water-gas  tars  had  high  densities. 

The  percentage  of  free  carbon  has  been  limited  to  a 
great  extent  by  specifications,  there  being  still  a  con- 
siderable difference  of  opinion  as  to  whether  a  high  or 
a  low  free-carbon  tar  is  more  suitable  for  a  particular 
purpose.  For  the  heavier  grades  of  tar,  such  as  refined 
tars  of  the  TP  grades,  the  Federal  specifications  provide 
for  a  coal  tar  of  high  free-carbon  content  and  a  water- 
gas  tar  of  low  free-carbon  content.  For  the  other 
grades,  the  minimum  amount  of  free  carbon  permissible 
is  not  limited.  A  study  of  the  solubility  of  these  tars 
submitted  by  the  various  producers  indicates  that  in 
general  the  percentage  of  insoluble  material  is  well 
under  the  maximum  allowable  by  the  Federal  specifi- 
cations. 

Comparing  the  materials  meeting  the  various  speci- 
fication grades  as  a  group,  it  will  be  seen  that  the  TC 
materials  were  most  soluble  in  carbon  disulphide  and 
the  TR  and  TP  materials  the  least  soluble.  The  TM 
materials  had  a  solubility  close  to  the  TC  tars,  and  the 
solubility  of  the  TH  products  was  slightly  more  than 
that  of  the  TR  and  TP  samples.  The  average  solu- 
bilities for  the  various  grades  were  as  follows:  TC, 
93.56  percent;  TM,  92.21  percent;  TR,  88.01  percent; 
TH,  89.58  percent;  and  TP,  excluding  sample  13, 
88.02  percent.  All  of  the  materials,  except  sample  13, 
had  solubilities  in  carbon  disulphide  well  within  the 
specification  limits  for  their  particular  grades. 

MOST  FLUID  TARS  HAD  GREATEST  LOSS  ON  DISTILLATION 

The  distillation  test  has  been  generally  used  in  the 
testing  of  tars  to  determine  the  amount  of  volatile 
matter  and  to  determine  the  probable  rate  of  volatili- 
zation of  the  constituents  having  low  boiling  points. 
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Table  5. — Results  o 

/  laboratory  tests  on  road  tars,  showing  conformity  ivilh  Federal  specifications 

Identi- 
fica- 
tion 

Specific 
gravity  at 
25°/25°  C 

Engler  specific 
viscosity— 

Float  test— 

Carbon  disulphide 
solubility  ' 

Water 

Distillation  (by  weight)' 

Specific 
gravity 
of  dis- 
tillate 

at 
38°/38° 

C 

Soften- 

Type of  material 

At 
40°  C 

At 
50°  C 

At 
32°  C 

At 
50°  C 

Bitu- 
men 

Free 
carbon 

Inor- 
ganic 
matter 
insol- 
uble 

Total  distillate 

Resi- 
due 

ing 
point 
of  resi- 

To 
170°  C 

To 
235°  C 

To 
270°  C 

To 
300°  C 

due 

f    (J) 

7 

{       14 

20 

I        24 

(    (2) 

1 

{        15 
21 
I        33 
I    (2) 

1  s 
\l\ 

I        17 

(2) 

8 

{        11 

18 

I        35 

1    <*> 

5 

1         19 
26 

(    (J) 
1           6 

1         1() 
I         27 
(2) 
2 
{         12 
32 
I        28 
|    (') 
I        13 
/    (!) 
I        29 

{(2)4 

m 

{       30 
I        34 
(        22 

I        23 
I        31 

1. 090+ 

1.108 

1.115 

1.138 

1.150 

1. 090+ 

1.132 

1.123 

1.  151 

1.138 

1.  100+ 

1.  127 

1.162 

1. 10-1. 18 
1.150 
1.135 

1. 10-1.  22 
1.129 
1.  135 
1.140 
1.159 

1. 10-1.  22 
1.166 
1.145 
1.189 

1. 09-1. 19 
1.  136 

1. 10-1.  20 
1.175 
1.  130 
1.180 
1.  140+ 
1.214 
1.  166 
1.187 
1.222 

1.  15-1.  20 
1.  174 

1.20-1.26 
1.223 

1.  20-1.  26 
1.237 

1.  20-1.  26 
1.219 
1.206 
1.233 
1.082 
1.196 

8-13 
9.2 
10.7 
9.5 
11.8 

13-18 
15.9 
15.5 
17.3 
16.2 

18-25 
21.2 
20.7 

25-35 
34.9 
32.5 

35-60 
44.5 

60-80 
60.7 
73.1 
63.1 

Seconds 

Seconds 

Percent 
90+ 

91.77 

93.77 

96.22 

93.27 
90+ 

93.78 

93.41 

94.51 

96.13 
90+ 

93.05 

Percent 
"""§."  is" 

6.10 
4.71 
6.61 

Percent 

"""0."08" 
.13 
.07 
.12 

Percent 

2- 

1.3 

1.4 

.6 

0 

2- 
.8 
1.3 
.7 
.3 

2- 
1.4 
0 

2- 
.7 
1.0 
2- 
0 
0 
1.1 
.5 
2- 
.  5 
1.3 
0 

2- 
0 

2- 
.6 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.20 
.8 
0 

Percent 
7- 
2.00 
1.16 

.89 

.29 
5- 

.42 
1.04 
1.00 

.17 
5- 

.99 

.25 
3- 

.84 

.83 
5- 

.77 
0 

.68 

.39 
5- 

.61 

.74 

.19 

2-8 
5.09 

2-8 
2.34 
2.31 

1.49 
1- 
0 
0 
0 
0 

1- 
0 

1- 
0 

1- 
0 

1- 
0 
0 

.43 

1.29 

.71 

Percent 

"14.67" 

12.67 
11.68 
12.70 

7.46 
11.36 
10.55 

6.85 

9.38 
10.98 

7.11 
8.92 

6.99 
3.76 
7.34 
5.30 

5.08 
7.73 
4.02 
8-20 
15.69 
8-20 
10.83 
12.29 
12.95 

4.16 
1.36 
.55 
1.33 

1.03 

1.13 

.95 

.25 
.20 

5.28 
18.46 
5.25 

Percent 
32- 
25.79 
26.56 
22.27 
25.22 

30- 
21.25 
25.50 
20.88 
18.63 

30- 
23.54 
22.94 

30- 
19.59 
22.68 

25- 
17.62 
16.45 
21.03 
15.92 

25- 
16.29 
20.20 
13.96 
16-28 
21.56 
16-28 
17.38 
18.76 
18.46 

15- 

11.65 

5.84 

3.42 

5.69 

10- 
4.37 

10- 
4.47 

10- 
4.08 

10- 
2.02 
1.42 
13.22 
35.17 
9.97 

Percent 

42- 
35.15 
37.42 
31.76 
34.02 

40- 
32.86 
35.78 
28.91 
29.54 

40- 
34.50 
31.34 

40- 
28.25 
34.21 

35- 
25.98 
27.13 
32.15 
25.39 

35- 
25.08 
31.09 
23.04 

36- 
27.30 

36- 
25.19 
24.90 
25.16 

25- 
19.23 
15.16 
10.81 
13.89 

20- 
11.60 

20- 
11.40 

20- 
12.21 

20- 
8.41 
5.72 
19.71 
47.37 
18.11 

Percent 

60- 

64.10 
61.96 
67.94 
65.65 

0.971 
.975 
1.002 
1.013 

45.0 

TC-1 

54.8 

47.4 

45.2 

60- 

6.06 
6.45 
5.42 
3.76 

.16 
.14 
.07 
.11 

66.81 
63.66 
70.75 
70.08 

.992 
.978 
1.016 
1.009 

44.6 

TC-2 

55.6 

50.8 

37.0 

60- 

TC-3 

6.75 

7.17 

.20 
.27 

64.50 
68.11 

.980 
1.017 

67.1 

92.  56 

90+ 
92.43 
92.88 

87+ 
91.14 
91.33 
92.42 
95.19 

87+ 
91.69 
92.35 
91.32 

80+ 
88. 05 

80+ 
83.79 
91.59 
88.61 

85+ 
85.21 
89.60 
93.19 
90.31 

95+ 
89.09 
80-95 
88.70 
80-1)5 
83.56 
80-95 
87.76 
92.06 
78.84 
94.74 
87.  15 

46.6 

60- 

TC-4 

7.50 
6.91 

.07 
.21 

70.90 
65.22 

73.95 

72.43 
66.58 
74.69 

"74."27~ 
68.11 
76.60 

.999 

.982 
.96+ 
1.004 

.991 

.984 
1.019 

.96+ 
1.007 

.986 
1.030 

45.0 

60.4 

16-26 
21.1 
24.8 
22.6 
22.2 

26-36 
27.4 
31.6 
32.0 

35-60 

8.73 
8.57 
7.33 
4.70 

.13 
.10 
.25 
.  11 

41.0 

TM   1 

42.0 

69.4 

39.6 

36-60 

8.23 
7.44 
8.44 

.08 
.21 
.24 

46.1 

TM-2 

60.0 
43.2 

65- 

TK-1. 

11.67 

.28 

72.25 

.963 

60  0 

65- 

16.  21 
9.16 
11.34 

.00 
.25 
.05 

74.10 
74.48 
74.55 

.987 
.948 
.988 

53.1 

TR-2 -.-- 

55.4 

60-150 
129 
102 

80 
215 

65- 

14.79 
10.22 
6.81 
9.65 

.00 
.  18 
.00 
.04 

80.20 
84.46 
88. 8S 
85.63 

1.034 
.999 
1.044 
1.053 

51.7 

TH-1              

41.6 

33.1 

47.0 

100-160 
107 

100-160 
126 

130-190 
167 

160-220 
194 
165 
30 

65- 

TP-1 - 

10.73 

.18 

88.21 

1.002 

49.0 
65- 

TP-2 

11.22 

.08 

88.28 

1.055 

49.6 
65- 

TP-4 

16.37 

.07 

86.80 

1.043 

56  1 

65- 

TP-6           

12.23 
7.91 

21.09 
5.03 

12.74 

.01 
.03 
.07 
.23 
.11 

91.28 
94.  10 
80.38 
52.  15 
81.10 

1.058 
1.019 
1.018 
.965 
.998 

51.8 

44.1 

45 

58.5 

2.0 

39.1 

117 

73.3 

1  Water-free  basis. 


»  Federal  specification. 
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Figure  1. — Relations  Uetween  Amount  of  Distillate  ky 
Weight  and  Distilling  Temperature  for  Various  Grades 
of  Road  Tars. 


The  average  distillation  curves  for  the  various  grades 
of  road  tars  are  shown  in  figure  1.  For  the  different 
materials  of  the  same  grade  the  amount  of  distillate 
at  the  temperatures  used  for  fractionating  was  fairly 
close  to  the  average  value  shown  by  the  curves,  except 
for  the  TH  materials. 

It  will  be  seen  from  figure  1  that  there  is  a  relation 
between  the  distillation  loss  at  300°  C.  and  the  consist- 
ency of  the  original  material — the  TC-1  grade,  which 
was  the  most  fluid,  had  the  greatest  loss  and  the  TP-6 
grade,  which  was  the  most  viscous,  had  the  smallest 
loss.  Of  the  tars  for  cold  application  3  only  the  TR-1 
and  TR-2  grades  had  a  uniform  rate  of  loss  from  170°  C. 
to  300°  C.  and  both  types  of  material,  used  primarily 
for  patch  work,  had  distilled  off  a  greater  percentage 
of  their  total  distillate  at  170°  C.  than  did  the  other 
cold-application  materials.  The  TC  grades  had  given 
off  a  relatively  small  amount  of  their  total  distillate 
at  170°  C.  The  curves  for  TM-1  and  TM-2  products 
are  similar  to  the  TC  curves. 

All  of  the  tars  for  hot  application  showed  no  distillate 
to  170°  C.  and  the  rate  of  loss  increased  from  235°  C. 


» In  the  following  discussion  the  TC,  TM,  and  TR  grades  are  referred  to  as  tars 
for  cold  application  or  cold  tars,  and  the  TH  and  TP  grades  as  tars  for  hot  application 
or  hot  tars. 
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to  300°  C.  for  all  grades.  The  eurves,  as  a  whole, 
show  that  the  cold-application  tars  contained  a  rela- 
tively high  percentage  of  constituents  having  low 
boiling  points,  and  that  in  service  their  ultimate  con- 
sistency is  reached  almost  entirely  through  the  loss  of 
their  volatile  matter.  For  the  hot-application  tars  the 
high  boiling  point  of  the  contained  distillates  and  the 
smaller  percentage  of  total  distillate  to  300°  C,  to- 
gether with  the  more  viscous  consistency  of  the  various 
grades,  indicate  that  their  binding  properties  while 
increasing  with  service  are,  initially,  not  dependent 
upon  the  loss  of  the  more  volatile  constituents. 

Although  the  Federal  specifications  for  road  tars  do 
not  contain  requirements  for 'the  specific  gravity  of  the 
total  distillate  except  for  the  TM  grades,  this  require- 
ment appears  in  many  State  specifications  for  tar 
products.  The  determination  of  specific  gravity  at 
38°/38°  C.  was  made  on  the  recovered  distillate  of  all 
the  tars  tested. 

The  data  obtained  are  tabulated  in  table  6  and  may 
be  of  some  assistance  in  identifying  the  types  of  mate- 
rials used  in  the  manufacture  of  road  tars.  The 
materials  classed  as  water-gas  tars,  which  include  the 
mixtures  of  water-gas  tar  with  bunker  C  tar,  had  dis- 
tillates ranging  in  specific  gravity  from  0.948  to  1.004 
with  an  average  of  0.982.  The  mixtures  of  coal  tar 
and  water-gas  tar  had  distillates  ranging  in  specific 
gravity  from  0.992  to  1.044  with  an  average  of  1.014. 
The  distillates  from  coal  tars  and  coal  tars  thinned  with 
istillate  ranged  in  specific  gravity  from  0.987  to  1.058 
with  an  average  of  1.030. 

There  is  undoubtedly  considerable  overlapping  in 
the  range  in  values  of  specific  gravity  of  the  distillates 
of  the  tars  in  each  classification.  However,  as  shown 
in  table  6,  where  two  or  more  types  of  materials  met 
a  single  specification  grade,  the  distillates  of  the  water- 
gas  tars  had  the  lowest  specific  gravity,  the  distillates 
of  the  coal  tar  and  water-gas  tars,  with  the  exception 
of  the  TH-1  grade,  were  next,  and  the  coal-tar  distil- 

Table  6. — Specific  gravities  of  total  distillates  from  A.  S.  T.  M. 
D  20-30  distillation  test 


Type  of  mat?i  ial 

Grade 

Water-gas  tar 

Coal  tar  and 
water  gas  tar 

Coal  tar 

Identi- 
fication 

Specific 
gravity 

at 
38738° 

C. 

Identi- 
fication 

Specific 
gravity 

at 
38738° 

C. 

Identi- 
fication 

Specific 
gravity 

at 
38738° 

C. 

TC-1 

{        J 

0.971 
.975 
.978 

20 
24 

1 
21 
33 
25 

3 
35 

1.002 
1.013 

.992 
1.016 
1.009 
1.017 

.999 
1.019 

TC-2 

1:::.:.: 

TC-3 

16 
17 

t        18 

.980 
.982 
1.004 
.991 
.984 
.986 

TC-4 

TM-1 

TM-2 

5 

26 

1.007 
1.030 

TR-1 

9 

L.10. 

.963 
.948 

TR-2 

6 

27 

2 

28 

0.987 

.988 

TH-1 

U2- 

.999 

32 

1.044 

1.034 

1.053 

TP-1__ 

13 

1.002 

TP-2 

29 

4 
30 
22 

1  055 

1  043 

TP-6 

34 

1.019 

1.058 
1  018 

Special 

23 
31 

.965 
.998 

Do 

Average 

.982 

1.014 

... 

lates  had  the  highest.  While  a  specification  limit  for 
the  specific  gravity  of  the  total  distillate  is  only  re- 
quired in  the  TM  grades  of  the  Federal  specifications, 
the  test  is  considered  of  value  by  the  producers  and  by 
others.  When  properly  correlated  with  other  test  data 
it  can  be  used  to  identify  the  typo  of  tar.  A  specific 
gravity  test  of  the  distillate  can  also  be  used  to  detect 
the  presence  of  petroleum  admixtures. 

The  consistency  of  the  distillation  residue  is  usually 
determined  by  a  softening-point  test.  The  softening 
point  of  the  distillation  residues  ranged  from  37.0  to 
60.4,  with  an  average  of  49.9  for  the  cold-application 
materials,  and  from  33.1  to  56.1,  with  an  average  of 
47.1  for  the  hot-application  materials.  It  will  be  seen 
from  table  5  that,  in  each  grade,  the  road  tars  from 
producer  E  had  the  softest  residues. 

SAYBOLT-FUROL    VISCOSIMETER   SATISFACTORY   FOR    DETERMIN- 
ING CONSISTENCIES  OF  FLUID  ROAD  TARS 

One  of  the  most  important  characteristics  of  road 
tars  is  the  consistency  or  degree  of  fluidity.  Road  tars 
are  used  as  penetrative  treatments,  as  surface  treat- 
ments and  seals,  and  as  binders  in  road-mix  or  pre- 
mix  construction.  The  ease  of  application,  the  work- 
ability of  the  mixes,  and  the  development  of  stability 
in  the  road  surface  are  to  a  great  extent  dependent 
upon  the  initial  consistency  of  the  tar  used. 

Many  different  tests  to  measure  the  consistency  of 
road  tars  have  been  developed.  E.  O.  Rhodes,4 
working  with  normal  byproduct  coke-oven  tars,  showed 
the  interrelationship  of  test  values  obtained  with 
different  instruments  used  to  measure  consistency. 
Although  he  did  not  stress  either  the  accuracy  of  the 
various  tests  or  the  speed  or  ease  of  making  them, 
he  reached  the  following  conclusion:  "The  use  of  the 
Engler  specific  viscosities  at  40°  C.  and  at  50°  C,  and 
the  float  tests  at  32°  C.  and  50°  C,  discarding  all  other 
consistency  measurements,  would  contribute  greatly 
to  the  simplification  and  improvement  of  road-tar 
specifications." 

The  materials  meeting  the  Federal  specifications 
and  the  road-tar  specifications  of  most  States  generally 
have  been  controlled  by  a  determination  of  the  Engler 
specific  viscosity  or  the  float  test  as  proposed.  Although 
the  Saybolt-Furol  viscosimeter  has  been  adopted  by 
the  State  and  Federal  testing  laboratories  for  deter- 
mining the  consistency  of  liquid  asphaltic  road  materials, 
the  Engler  specific  viscosity  determination  has  been 
generally  retained  in  road-tar  specifications.  Since  the 
Saybolt-Furol  instrument  has  many  advantages  over 
the  Engler  instrument  all  of  the  tars  used  in  this  investi- 
gation, with  the  exception  of  the  tars  for  heavy  con- 
struction, were  tested  by  both  methods.  The' "more 
viscous  products  were  subjected  to  the  float  test.  All 
of  the  consistency  determinations  on  the  original 
materials  are  given  in  table  7. 

In  order  to  determine  the  relation  between  test 
values  as  obtained  with  the  two  viscosimeters,  the 
data  in  table  7  have  been  plotted  in  figures  2  and  3. 

In  figure  2  the  Saybolt-Furol  viscosity  in  seconds  at 
40°  C,  50°  C,  and  60°  C.  is  compared  with  the  Engler 
specific  viscosity  at  the  same  temperature  for  each 
particular  tar.  The  points  fall  quite  close  to  a  straight 
line  having  a  slope  of  1  to  4,  that  is,  the  Saybolt-Furol 
viscosity  in  seconds  at  the  temperatures  used  is  approx- 
imately 4  times  the  Engler  specific  viscosity  at  the 
same  temperature.     The  viscosity  values  obtained  on 
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Figure  2.- — Comparison     of     Saybolt-Furol     and     Engler 
Specific  Viscosities  of  Road  Tars. 
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some  liquid  asphaltic  materials  fall  along  the  same 
line.  This  indicates  that  the  relation  between  the  two 
viscosity  tests  made  on  both  types  of  bituminous 
materials  at  the  same  test  temperature  is  quite  close. 

Frequently  it  is  desired  to  convert  the  viscosity  at 
one  temperature  to  the  viscosity  at  another  tempera- 
ture. Many  temperature-viscosity  conversion  tables 
and  charts  for  both  asphaltic  and  tar  products  have 
been  published  but,  as  stated  by  E.  O.  Rhodes,4  they 
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Figure  3. — Relations     Between     Saybolt-Furol     Viscosi- 
ties of  Various  Road  Tars  at  Various  Temperatures. 

are  accurate  only  when  materials  from  the  same  source 
and  method  of  manufacture  are  compared. 

The  relations  existing  between  the  Saybolt-Furol  vis- 
cosities at  different  temperatures  are  shown  in  figure  3. 
Because  of  the  varied  sources  of  material  and  methods 
of  blending  no  satisfactory  average  curve  could  be 
drawn  for  all  materials,  although  a  definite  trend  is 
indicated.  This  makes  it  possible  to  distinguish  to  a 
certain  degree  the  source  of  the  various  tars.  Those 
materials  that  are  known  to  be  water-gas  tars  are  in 
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nearly  every  case  above  the  location  of  an  average 
curve.  Below  the  average  curves  are  those  materials 
known  to  be,  or  interpreted  from  results  of  tests  to  be, 
coal  tars  or  blends  of  coal  tars.  In  other  words,  based 
on  viscosity  tests,  water-gas  tars  are  somewhat  less 
susceptible  to  temperature  change  than  are  the  coal 
tars  or  coal-tar  blends. 

TEST   PROCEDURE  FOR   TARS   SUBSTANTIALLY    DIFFERENT   FROM 
THAT  FOR  ASPHALTIC  MATERIALS 

The  float  test  at  32°  C.  has  been  generally  adopted 
as  a  measure  of  consistency  for  the  tars  for  hot  surface 
treatments  although  the  data  in  table  7  show  that  the 
use  of  Saybolt-Furol  viscosity  at  60°  C.  might  also  be 
satisfactory.  However,  for  the  heavy  construction  tars 
of  the  TP  grades,  the  standard  Saybolt-Furol  test  would 
not  be  suitable.  The  specifications  of  the  American 
Society  for  Testing  Materials  for  materials  of  this  type 
require  a  softening  point  determination  as  a  measure 
of  consistency  with  the  option  of  using  the  float  test  at 
50°  C,  while  the  Federal  specifications  control  con- 
sistency by  means  of  the  float  test  at  50°  C.  only.  As 
indicated  by  table  7,  the  use  of  50°  C.  as  the  tempera- 
ture for  the  float  test  is  to  be  preferred  to  32°  C.  because 
of  the  greatly  reduced  time  involved  in  making  the 
test. 

On  the  basis  of  the  data  developed  by  this  investi- 
gation, it  is  believed  that  the  float  test  at  32°  C  and 
50°  C.  is  a  satisfactory  test  for  the  consistency  of  the 
hot-application  tars.  wSince  the  Saybolt-Furol  viscosi- 
meters  with  thermostatic  control  can  be  operated  to 
give  close  checks  on  duplicate  tests,  require  less  mate- 
rial for  test,  and  greatly  shorten  the  time  of  testing, 
the  adoption  of  Saybolt-Furol  viscosity  for  cold  appli- 
cation road  tars,  as  has  been  done  for  liquid  asphaltic 
road  materials,  would  be  a  pronounced  advance  toward 
the  general  simplification  and  standardization  of  tests 
for  this  type  of  bituminous  material. 

In  connection  with  this  discussion  of  the  measure- 
ment of  consistency,  mention  should  be  made  of  a  new 
viscosimeter.5  This  instrument  is  designed  to  measure 
the  viscosity  of  all  grades  of  bituminous  material  at  a 
single  temperature  and  the  results  are  expressed  in 
terms  of  the  absolute  viscosity,  the  poise.  Much  pre- 
liminary work  must  be  done  before  general  adoption 
of  this  new  test  can  be  expected,  but  its  possibilities 
are  such  that  it  merits  serious  consideration.  It  pre- 
sents a  possible  means  of  overcoming  the  present  dis- 
advantages of  using  several  methods  for  measuring 
consistency  and  several  temperatures  for  each  method. 

While  there  do  not  appear  to  be  any  practical  reasons 
why  all  bituminous  materials  should  not  be  tested  in 
the  same  manner,  for  years  the  test  procedure  for  tars 
has  been  substantially  different  from  that  for  asphaltic 
materials.  For  tars,  the  amount  of  volatile  matter 
has  been  determined  by  the  distillation  test  and  the 
materials  have  not  usually  been  submitted  to  the  vola- 
tilization test  (loss  on  heating  at  163°  C.)  which  has 
been  extensively  used  for  liquid  asphaltic  materials. 
The  volatilization  test  has  been  discarded  rather  gen- 
erally, especially  for  the  more  rapid-hardening,  liquid 
asphaltic  products,  and  a  distillation  test  has  been 
substituted  to  determine  the  amount  and  rate  of  loss 
of  volatile  matter. 

The  method  of  making  the  distillation  test  for  liquid 
asphaltic  materials  is  described  in  A.  S.  T.  M.  Tenta- 
tive Method  of  Test  for  Separation  of  Liquid  Asphaltic 

•New  Viscosimeter  for  Bitumens  Has  Extended  Range,  by  E.  O.  Rhodes,  E.  W. 
Vol'  mann,  and  O.  T.  Barker.    Engineering  News-Record,  vol.  115,  no.  21,  Nov.  21, 1936. 


Products,  designation  D  402-34  T,  while  the  distilla- 
tion test  for  tars  is  A.  S.  T.  M.  Standard  Method  of 
Test  for  Distillation  of  Bituminous  Materials  Suitable 
for  Road  Treatment,  designation  D  20-30.  There  are 
some  essential  differences  that  might  lead  to  the  belief 
that  the  results  obtained  by  the  two  methods  would 
be  radically  different. 

Both  methods  use  the  same  flask  and  thermometer. 
Method  D  20-30  requires  an  air  condenser;  method 
D  402-34  T  requires  a  water  condenser.  In  the  tar 
distillation  the  top  of  the  bulb  of  the  thermometer  is 
at  the  bottom  of  the  tubulature  and  the  vapor  tempera- 
ture controls  the  distillation  cuts  and  end  point.  In 
the  liquid  asphalt  distillation  the  bottom  of  the  bulb 
of  the  thermometer  is  ){  inch  above  the  bottom  of  the 
flask  and  the  distillation  fractions  and  end  point  are 
controlled  by  the  temperature  of  residue  or  the  liquid 
temperature.  In  the  distillation  of  tars  a  100-gram 
sample  is  used,  while  in  the  distillation  of  liquid  asphaltic 
materials  a  200-cubic  centimeter  sample  is  used. 

The  percentage  of  distillate  is  reported  by  weight  in 
the  tar  distillation  and  by  volume  in  the  distillation  of 
the  liquid  asphaltic  material.  The  end  point  for  the 
distillation  of  tar  products  is  300°  C.  (572°  F.)  vapor 
temperature.  The  end  point  of  the  distillation  of 
asphaltic  materials  is  360°  C.  (680°  F.)  liquid  tempera- 
ture. The  tar  residue  is  cooled  in  the  flask  below  125° 
C.  (257°  F.)  before  pouring  for  further  tests.  The 
asphaltic  residue  is  poured  as  quickly  as  possible  after 
the  end  point  of  the  distillation  is  reached. 

In  order  to  make  some  comparison  of  the  results 
obtained  by  the  two  methods,  100-gram  samples  of  one 
tar  of  each  grade  were  distilled  with  two  thermometers 
in  the  flask,  so  that  the  vapor  temperature  at  the 
tubulature  and  the  liquid  temperature  %  inch  above 
the  bottom  of  the  flask  could  be  determined.  The 
relations  between  the  vapor  and  liquid  temperature  are 
shown  in  figure  4. 

METHOD   OF   POURING    DISTILLATION    RESIDUES    AFFECTS   THEIR 
PROPERTIES 

The  curves  indicate  quite  clearly  that  for  these  tars, 
with  one  exception,  a  vapor  temperature  of  300°  C. 
(572°  F.)  corresponds  to  a  liquid  temperature  somewhat 
below  360°  C.  (680°  F.).  The  one  exception  is  the  tar 
of  the  TC  grade  for  which  the  vapor  temperature  of 
300°  C.  corresponds  to  a  liquid  temperature  slightly  in 
excess  of  360°  C.  The  rather  close  agreement  between 
a  vapor  temperature  of  300°  C  and  a  liquid  tempera- 
ture of  360°  C.  indicates  that  for  these  tar  products 
there  can  be  no  great  difference  either  in  the  amount 
of  distillate  or  character  of  the  residue,  due  solely  to 
the  difference  between  a  vapor  end  point  of  300°  C. 
and  a  liquid  end  point  of  360°  C. 

However,  figure  4  does  indicate  that  if  arbitrary 
intermediate  cutting  points  are  taken,  based  on  liquid 
temperature  control,  the  fractions  of  distillate  may  be 
composed  of  constituents  having  widely  different  boil- 
ing points.  For  instance,  if  a  liquid  temperature  cut 
is  made  at  225°  C.  (437°  F.),  the  fraction  below  this 
temperature  will  contain  material  with  a  maximum 
boiling  point  in  the  case  of  the  TC  product  of  125°  C. 
(257°  F.)  and  in  the  case  of  the  TR  product  of  180°  C. 
(356°  F.),  a  spread  of  55°  C.  Also,  if  a  vapor  tempera- 
ture cut  is  made  at  150°  C,  the  spread  between  the 
TR  and  TP  materials  is  40°  C.  Therefore,  it  would 
seem  that  vapor  temperature  distillation  control  would 
be  slightly  the  more  preferable  if  it  is  desired  to  deter- 
mine the  character  of  the  fractions  obtained  at  various 
cutting  temperatures,  especially  when  comparison  of 
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Figure  4. — Comparison  of  Liquid  Temperature  One-Fourth 
Inch  Above  Bottom  of  Flask  and  Vapor  Temperature 
at  Tubulature  for  Various  Road  Tars. 

the  distillates  from  materials  of  widely  different 
composition  is  desired. 

Similar  tests  on  a  few  samples  of  liquid  asphaltic 
materials  of  the  slow-curing,  medium-curing,  and 
rapid-curing  types  gave  similar  results.  The  curves 
showing  the  relation  between  liquid  and  vapor  tem- 
peratures were  of  different  shape  for  the  different 
types  of  materials  and  also  for  different  materials  of 
the  same  type.  There  was  also  the  same  general  agree- 
ment between  a  vapor  temperature  of  300°  C  and  a 
liquid  temperature  of  360°  C,  the  vapor  temperature 
of  300°  C.  corresponding  to  a  liquid  temperature  of 
360°  C.  or  less. 

Having  established  that  there  is  no  wide  difference 
between  a  vapor  end  point  of  300°  C.  (572°  F.)  and  a 


liquid  end  point  of  360°  C.  (680°  F.),  the  effect  on  the 
character  of  the  residue  obtained  by  pouring  as  required 
by  A.  S.  T.  M.  method  D  20-30  and  by  A.  S.  T.  M. 
method  D  402-34  T  was  determined.  The  results  of 
tests  made  on  residues  poured  after  they  had  cooled 
below  125°  C.  (257°  F.)  and  when  the  residues  were 
poured  immediately  after  a  vapor  temperature  of  300° 
C  (572°  F.)  was  reached,  are  given  in  table  8. 

The  difference  in  the  percentage  of  volatile  matter 
lost  in  pouring  and  cooling  the  residues  by  the  two 
methods  varied  from  0.83  to  4.15  percent  of  the  total 
sample  for  all  the  Imaterials  tested,  with  an  average 
difference  of  2.37  percent.  The  losses  in  volatile  mat- 
ter in  A.  S.  T.  M.  method  D  20-30  are  unavoidable 
losses  caused  by  retention  of  distillate  in  the  condenser. 
The  effect  of  the  greater  loss  of  volatile  matter  that 
occurs  when  residues  are  poured  according  to  A.  S.  T.  M. 
method  D  402-34  T  is  shown  by  the  harder  consistency 
of  the  corresponding  residues.  The  softening  points  of 
the  residues  poured  immediately  were  from  2.3°  to  21.1° 
C,  with  an  average  of  6.8°  C,  higher  than  those  poured 
in  the  usual  procedure  for  tars.  The  penetration 
values  also  show  the  greater  hardness  of  the  residues 
poured  immediately,  the  decrease  in  penetration  rang- 
ing from  0  to  120  with  an  average  of  26.3.  Due  to 
this  increase  in  hardness,  the  softening  point  values  of 
six  of  the  residues  from  the  TC  and  TM  grades  of 
tar,  were  increased  until  they  exceeded  the  maximum 
allowed  by  the  Federal  specifications. 

When  an  asphalt  has  been  blended  with  a  naphtha 
to  produce  a  liquid  asphalt  of  the  rapid-curing  type, 
it  has  been  found  that  by  pouring  the  residue  immedi- 
ately after  the  end  point  is  reached  the  penetration  of 
the  residue  is  in  very  close  agreement  with  the  penetra- 
tion of  the  base  asphalt  used  in  producing  the  blend. 
However,  no  information  on  the  consistency  of  the  base 
materials  in  medium-curing  and  slow-curing  liquid 
asphaltic  products  is  obtainable,  even  with  this  method 


Table  8. — Effect  of  method  of  pouring  distillation  residues  upon  their  properties 


Tj  pe  <>(  material 


TC   I 

TC  2.. 

TC-3.. 

TC-4.. 

TM-1. 

TM-2. 
TB-1.. 
TR-2.. 

TH-1. 

TP-1.. 
TP-2.. 
TP-4.. 

TP-6  _ 

Spociul 


Identi- 
fica- 
tion 


Total  loss  in  distillation  test 


A.S.T. 

M. 
D  20-30 


Percent 
35. 90 
38.04 
32.06 
34.35 
33.19 
36.34 
29.25 
29.92 
35.  50 
31.89 
29.10 
34.78 
26.05 
27.57 
33.42 
25.  31 
25.73 
31.89 
23.40 
27.75 
25.90 
25.  52 
25.45 
19.80 
15.54 
11.12 
14.37 
11.79 
11.72 
13.20 
8.72 
5.90 
19.62 
47.85 
18.90 


A.S.T. 

M. 

D  402-34  T 


Percent 
37.29 
38.90 
35.64 
37.95 
34.55 
37.66 
31.75 
34.07 
36.  69 

34.  15 
31.82 

35.  44 
28.80 
30.06 
34.59 
28.97 
27.74 
32.45 
26.07 
29.82 
28.33 
27.78 
27.36 
21.89 
16.58 
15.71 
15.82 
13.10 
14.77 
15.63 
10.88 

9.38 
21.  50 
49.  23 
19.79 


Differ- 
ence 


Percent 
1.39 

.86 
3.58 
3.60 
1.36 
1.32 
2.50 
4.15 
1.19 
2.26 
2.72 

.66 
2.75 
2.49 
1.17 
3.66 
2.01 

.56 
2.67 
2.07 
2.43 
2.26 
1.91 
2.09 
1.04 
4.59 
1.45 
1.31 
3.05 
2.43 
2.  16 
3.48 
1.88 
1.38 

.89 


Loss  of  volatile  matter 
during  test 


A.S.T. 

M. 
D  20-30 


Percent 
0.75 
.62 
.30 
33 
.33 
.56 
.34 
.38 
1.00 
.55 
.85 
.57 
.07 
44 
1.27 
.00 
.65 
.80 
.36 
.45 
.71 
.62 
.29 
.57 
.38 
31 
.48 
.19 
.32 
.99 
.31 
.18 
.00 
.48 
.79 


A.S.T. 

M. 

D  402-34  T 


Percent 
1.58 
2.79 
3.30 
2.58 
2  59 
2.44 
2.94 
2.84 
2.83 
2.89 
3.07 
2.65 
1.96 
2.32 
3.40 
4.15 
2.56 
2.31 
3.54 
1.92 
3.67 
2.15 
3.48 
3.31 
1.55 
3.68 
3.12 
1.49 
3.68 
4.74 
3.57 
3.42 
2.31 
2.80 
2.58 


Differ- 
ence 


Percent 
0.83 
2.17 
3.00 
2.25 
2.20 
1.88 
2  60 
2.46 
1.83 
2.34 
2.22 
2.08 
1.89 
1.88 
2.13 
4.15 


1.91 
1.51 
3.18 
1.47 
2.96 
1.53 
3.19 
2.74 
1.17 
3.37 
2.64 
1.30 
3.36 
3.75 
3.26 
3.24 
2.31 
2.32 
1.79 


Softening  point 


A.S.T. 

M. 
D 20-30 


•C. 
45.0 
54.8 
47.4 
45.2 
44.6 
55.6 
50.8 
37.0 
57.1 
46.6 
45.0 
60.4 
41.0 
42.0 
59.4 
39.6 
46.1 
60.0 
43.2 
60.0 
53.1 
65.8 
55.4 
51.7 
41.6 
33.1 
47.0 
49.0 
49.6 
56.1 
51.8 
44.1 
58.5 
39.1 
73.3 


A.S.T. 

M. 

D  402-34  T 


•a. 

54.0 
61.7 
55.4 
54.4 
50.1 
62.7 
57.0 
58.1 
63.1 
52.2 
54.0 
64.4 
48.4 
49.2 
64.1 
48.2 
52.5 
65.8 
50.7 
65.  0 
60.4 
61.0 
59.5 
58.1 
44.8 
39.7 
62.8 
54.0 
56.  C 
60.1 
56.8 
54.4 
61.6 
52.7 
75.6 


Differ- 
ence 


°C. 
9.0 
6.9 
8.0 
9.2 
5.5 
7.1 
6.2 
21.1 
6.0 
5.6 
9.0 
4.0 
7.4 
7.2 
4.7 
8.6 
6.4 
5  8 

ko 

7.3 
5.2 
4.1 
6.4 
3.2 
6.6 
5.8 
5.0 
6.4 
4.0 
5.0 

10.3 
3.  I 

13.6 
2  3 


Penetration  nt  25"  C. 
100  g,  5  sec. 


A.S.T. 

M. 
D  20-30 


38 
25 
38 
50 
38 
20 
27 

138 
18 
42 
53 
12 
71 
74 
15 
97 
46 
12 
62 
12 
20 
18 
15 
26 
89 

218 
43 
38 
30 
12 
25 
71 
15 
84 
1 


A.S.T. 

M. 

D  402-34  T 


Differ- 
ence 


17 

ir, 

26 
37 

8 
12 
19 
102 
11 
23 
37 

7 

32 
33 

9 
61 
28 

7 
37 

5 
15 

9 

9 
17 
22 
120 
22 
16 
20 

7 
13 
58 

9 
58 

0 
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of  pouring.  Most  road  tars  have  tar  pitches  as  bases 
which  contain  some  volatile  matter  to  300°  C.  (572°  F.) 
and  it  is  doubtful  if  the  true  consistency  of  the  base 
material  can  be  approximated  by  either  method  of 
pouring  the  residue. 

Liquid  asphaltic  materials  have  been  classified 
according  to  the  consistency  of  the  residues  from  the 
D  402-34  T  distillation  test  as  follows:  G 

Group  1. — Liquid  residue,  float  test  less  than  25  seconds  at 
122°  F.  (50°  C),  nonhardening  or  extremely  slow  hardening. 

Group  2. — Float  residue,  float  test  more  than  25  seconds  at 
122°  F.  (50°  C.)  and  penetration  of  more  than  300  at  77  '  F. 
(25°  C.)i  medium  hardening. 

Group  3. — Penetration  residue,  penetration  less  than  300  at 
77°  F.  (25°  C),  rapid  hardening,  the  speed  of  hardening  being 
dependent  on  the  amount  and  volatility  of  the  distillate. 

Under  the  above  classification,  it  will  be  seen  from 
table  8  that  all  of  the  road  tars  included  in  this  inves- 
tigation, even  if  the  softer  consistencies  of  the  residues 
obtained  by  the  I)  20-30  method  of  pouring  are  con- 
sidered, are  of  the  rapid-hardening  type  of  bituminous 
material. 

DISTILLATION  RESIDUES  HAD  GOOD  DUCTILITY  AT  NORMAL 
TEMPERATURES 

For  some  time  specifications  for  many  asphaltic 
materials  have  included  a  ductility  requirement  as  a 
means  of  control  and  as  an  indication  of  the  adapta- 
bility of  the  products  to  particular  uses.  Asphaltic 
cements,  and  usually  the  distillation  residues  and 
asphaltic  residues  of  liquid  asphaltic  materials,  arc 
required  to  show  a  certain  ductility  at  25°  C.  (77°  F.) 
and  for  some  purposes  at  lower  temperatures  such  as 
1.5°  C.  (34.7°  F.)  or  4°  C.  (39.2°  F.).  .  While  the  duc- 
tility test  has  been  criticised  as  not  being  a  good  mea- 
sure of  the  resistance  to  the  stresses  to  which  asphalts 
in  road  surfaces  are  subjected,  its  use  as  a  laboratory 
test  for  these  materials  is  widespread. 

If  the  asphalts  used  in  particular  types  of  road  con- 
struction must  meet  a  ductility  requirement,  it  is 
logical  that  tar  products  for  similar  use  should  also 
meet  a  ductility  requirement.  At  the  present  time  the 
only  tars  that  are  tested  for  ductility  are  the  tar  pitches 
used  in  roof  construction  and  for  water-proofing  struc- 
tures. Few  data  are  available  regarding  the  ductility 
of  road  tars.  In  order  to  obtain  as  much  information 
as  possible  on  the  physical  properties  of  these  tar 
products,  the  residues  obtained  in  the  standard  A.  S. 
T.  M.  D  20-30  distillation  test  were  tested  for  duc- 
tility. 

The  ductility  tests  were  made  on  each  distillation 
residue  at  several  temperatures  in  order  to  obtain 
some  idea  of  its  temperature-ductility  curve.  The 
tests  were  made  at  10°  C,  15°  C,  20°  C,  and  25°  C. 
and  the  results  are  given  in  table  9. 

In  order  to  compare  the  results  of  the  ductility  test 
with  the  other  tests  made  on  the  distillation  residues, 
the  data,  in  table  9  have  been  grouped  according  to 
the  index  shown  in  tabic  10.  An  index  of  1  represents 
the  most  ductile  residue  at  low  temperature  and  an 
index  of  7  the  least  ductile. 

The  ductility  index  and  the  other  test  results  on  the 
distillation  residues  are  given  in  table  11.  It  is  evident 
that  consistency  as  measured  by  the  softening  point  or 
penetration  is  related  to  the  ductility  of  these  tar 
pitches.     At    a    given    temperature,    the    harder    the 

6  Rationalization  and  Simplification  of  Test  Requirements  for  Liquid  Asphaltic 
Materials,  by  E.  F.  Kelley  and  Provost  Hubbard.  PUBLIC  Roads,  vol.  13.  DO.  6, 
August  1932. 
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material  the  less  ductility  it  possesses.  It  is  indicated 
that  The  free  carbon  content  also  influences  the  duc- 
tility. In  general,  as  the  percentage  of  free  carbon 
increases  the  ductility  decreases. 


Table  9. 


-Ductilities  of  Ike  A.  S.  T.  M.  D  20-30  distillation  lest 

residues 


Type  of  material 


TC-1. 

TC-2. 

TC-3. 
TC-4.. 


Identi- 
fication 


TM-l. 


TM-2. 


TR-1. 
TR-2. 


Till. 


TP-1. 
TP-2. 
TP-4. 
TP-6. 


Special- 


At25°C. 


Cm 

83 

74 

110+ 
1104 
110+ 

73 
110+ 
110+ 

54 

110+ 
110+ 

62 

48 

73 

56 

110+ 
110+ 

56 
110+ 

43 
110+ 

79 

110+ 
110  1- 

53 

U04 

110+ 
52 

110+ 
110+ 
110+ 
110+ 
100+ 
110+ 
0 


At20°C. 


Cm 

90 

66 

110+ 
110+ 
110+ 
66 

110+ 
110+ 

0 
110+ 
110+ 

0 
65 
55 

0 
110+ 
110  + 

0 
110+ 

0 

0.  75 

1.5 
7(1 

110+ 
40 

110+ 
81 
60 
110+ 

0.5 
110+ 
110+ 

0.25 
110+ 

0 


At  15°  C. 


Cm 

55 

0.25 
110+ 
110+ 
110+ 

0 

0 
110+ 

0 
110+ 
110+ 

0 

66 

67 

0 
110  + 
110  + 

0 
110+ 

0 

0 

0 

0 

0 
71 
110+ 

0 

7.5 

0.25 

0 

0 
110+ 

0 
110+ 

0 


AtlO°C. 


Cm 

1.5 

0 

0 

0 

0 

0 

0 
110+ 

0 

0 

0 

0 
92 
110+ 

0 
110+ 

0 

0 

0 

0 

0 

0 

0 

0 
110+ 
110+ 

0 

0 

0 

0 

0 

0.  75 

0 
110+ 

0 


Table   10.— Ductility  index  for  distillation  residues  of  tars 


Index 

Ductility  (cm) 

1_ 

90+ at  10°  C 

2 

55-110+ at  15°  C.      0-l^atlO°C. 

3 

110+ at  20°  C.      0-)4  atl5°<\ 

4..     . 

52-110+  at  25°  C.     60-81   at  20°  C. 

5 

110+  at  25°  C.     14-V4  at  20°  C. 

6 

43-79     at25°C.      0-l^at20°C. 

7 

0     at  25°  C 

Table  11. — Range  in  test  values  of  the  A.  S.   T.  M.   D  20-30 
Distillation  test  residues  grouped  according  to  ductility  index 


Ductility 

Softening  point 

Penetration  at  25°  C. 

Free  carbon 

index 

Mini- 
mum 

Maxi- 
mum 

Aver- 
age 

Mini- 
mum 

Maxi- 
mum 

Aver- 
age 

Mini- 
mum 

Maxi- 
mum 

Aver- 
age 

1         

°  C. 
33.1 
43.2 
49.6 
47.0 
53.1 
55.8 

°  C. 
42.0 
47.4 
51.8 
55.6 
58.5 
60.4 

°  C. 

39.  1 
45.2 
51.0 
52.4 
55.9 
58.8 
73.3 

71 
38 
25 
15 
12 
12 

218 
71 
30 
43 
20 
18 

110 
49 
27 
28 
16 
15 
1 

Per- 
cent 
1.3 
9.  1 
13.0 
11.4 
20.3 
11.4 

Per- 
cent 
11.7 
13.0 
18.7 
17.5 
30.1 
14.3 

Per- 
cent 
8.3 

2 

11.  1 

3  ... 

15.5 

4     . 

13.3 

5            

23.8 

6 - 

13.3 

7 

20.1 

EFFECTS  OF  EXPOSURE  ON  TAR  PRODUCTS  HAVE  BEEN  STUDIED 
EXTENSIVELY 

W.  II.  Flood  7  has  stated  that  the  great  majority  of 
asphalts  of  the  40-50,  50-60  and  60-70  grades  used  in 
road  construction  have  ductility  values  beyond  the 
limits  of  the  ductility  machine.  He  has  shown  that 
materials  meeting  these  penetration  grades  have  duct- 
ility values  at  60°  F.  (15.5°  C.)  averaging  from  10.5 

"TDucUlityaTLow  Temperatures.    1935  Proceedings  of  the  Association  of  Asphalt 
Paving  Technologists. 
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centimeters  to  75.4  centimeters,  and  at  39.2°  F.  (4°  C.) 
values  averaging  from  3.2  centimeters  to  4.8  centi- 
meters for  the  different  consistency  ranges  and  sulphur 
contents.  When  these  iigures  are  compared  to  the 
results  obtained  on  the  tar  residues  having  a  ductility 
index  of  2  and  a  range  in  penetration  of  38  to  71,  it  is 
seen  that  tars  have  a  more  rapid  and  abrupt  loss  of 
ductility  when  the  test  temperature  is  reduced  than 
do  asphalts.  This  is  the  result,  no  doubt,  of  the  greater 
susceptibility  of  tars  to  temperature  change,  causing  a 
more  rapid  transition  of  these  materials  from  a  semisolid 
to  a  solid  state.  The  tests  show  that  nearly  all  of  the 
residues  have  good  ductility  at  25°  C,  but,  in  general, 
this  ductility  is  rapidly  lost  when  the  temperature  of 
test  is  reduced. 

In  recent  years  much  thought  has  been  given  to  the 
changes  that  take  place  in  bituminous  materials  under 
service  conditions.  The  initial  bonding  strength  of  a 
tar  product  when  applied  to  the  road  surface  is  devel- 
oped in  different  ways,  depending  not  only  on  the  type 
of  original  material  but  also  on  the  way  it  is  used  and 
the  climatic  conditions  to  which  it  is  subjected.  All 
grades  of  road  tar  lose  a  certain  amount  of  volatile 
matter.  This  tends  to  stiffen  or  harden  the  material. 
After  the  initial  bond  has  been  developed,  either  by 
evaporation,  cooling,  or  a  combination  of  both,  certain 
hardening  takes  place  because  of  inherent  changes 
brought  about  by  weathering. 

Early  investigators  have  done  much  work  to  sub- 
stantiate these  facts.  Hubbard  and  Reeve8  published 
a  paper  in  1913  regarding  the  effect  of  exposure  on 
bitumens.  Included  in  this  investigation  were  three 
tar  products;  namely,  a  refined  coal  tar,  a  refined  water- 
gas  tar,  and  a  refined  mixture  of  coal  tar  and  water-gas 
tar.     The  authors  made  the  following  conclusion: 

It  is  apparent  from  these  results  that  the  hardening  of  all  bitu- 
mens upon  exposure  is  not  due  to  loss  by  volatilization  of  the 
lighter  constituents,  alone,  although  in  tars  such  loss  is  probably 
responsible  to  a  considerable  degree  for  the  hardening  of  these 
products.  The  hardening  of  petroleum  and  asphalt  products 
is  undoubtedly  due  to  oxidation  which  proceeds  slowly  at  com- 
paratively low  temperatures  but  increases  at  higher  temperatures. 
It  seems  probable  that  oxidation  also  plays  a  part  in  the  harden- 
ing of  tars  although  the  preceding  data  does  not  absolutely  prove 
this  fact. 

Later  Reeve  and  Lewis9  substantiated  and  amplified 
the  previous  data  which  showed  that  upon  exposure 
bituminous  materials  undergo  changes  caused  by  factors 
other  than  loss  of  the  more  volatile  constituents.  Tlie\ 
also  showed  that  the  insoluble  organic  matter  in  the 
bitumens  they  examined  increased  materially  in  a  closed 
oven  where  the  chances  of  oxidation  are  reduced  to  a 
minimum.  The  authors  stated  that-  while  oxidation 
plays  a  part  in  the  changes  that,  occur,  they  were  led 
to  the  conclusion  that  polymerization  and  intcrmolecu- 
lar  reactions  induced  by  heat,  and  possibly  increased 
by  the  action  of  light,  are  also  very  largely  responsible 
for  such  changes,  in  addition  to  those  accounted  for  by 
simple  evaporation. 

Reeve  and  Anderton,10  while  noting  that  the  action 
of  air  and  sun  upon  bitumens  in  their  original  state  is 
probably  quite  different  than  might  be  expected  in 
actual  service,  concluded  that:   (1)  Upon  exposure  far 

s  The  Effect  of  Exposure  on  Bitumens,  by  Prevost  Hubbard  and  C.  S  Reeve 
industrial  and  Engineering  Chemistry,  vol.  5,  no.  1,  January  1913. 

»  The  Effects  of  Exposure  on  Some  Fluid  Bitumens,  by  C.  S.  Reeve  and  R.  H 
Lewis.    Journal  of  Industrial  and  Engineering  Chemistry,  vol.  9,  no.  8,  August  1917 

'»  The  Effects  of  Exposure  on  Tar  Products,  by  C.  S.  Reeve  and  B.  A.  Anderton 
Journal  of  Franklin  Institute,  vol.  182,  no.  10,  October  1916. 


products  harden  to  a  much  greater  extent  than  could 
be  attributed  to  the  loss  of  volatile  matter  alone;  (2) 
changes  are  accompanied  by  formation  of  material  in- 
soluble in  carbon  disulphide;  (3)  the  development  of 
free  carbon  was  greater  in  water-gas  tar  than  in  coal  "i 
tar;  and  (4)  the  comparative  consistency  of  the  residues  \ 
from  distillation  to  a  single  arbitrary  end  temperature 
did  not  represent  the  relative  behavior  of  tars  in  service. 

More  recent  investigations  "  12  by  the  Bureau  on  the 
effects  of  exposure  on  liquid  asphaltic  materials  of  the 
slow-curing,  medium-curing,  and  rapid-curing  types 
have  indicated  that  many  materials  that  have  similar 
characteristics  as  determined  by  the  usual  laboratory 
tests  behave  quite  differently  when  exposed  in  thin 
films  or  in  mixtures  with  a  standard  aggregate. 

Exposure  tests  on  the  tars  were  made  in  boxes  of  the 
same  type  as  were  used  in  previous  investigations  of 
the  Bureau.  A  sketch  of  the  box  is  shown  in  figure  5. 
The  boxes  were  constructed  of  %-inch  wood,  the  interior 
dimensions  being  30  by  24  by  3  inches.  A  hole  in  the 
center  of  the  bottom  of  each  box  served  to  admit  a 
stream  of  clean,  dry  air  to  carry  away  any  collected 
vapors.  Outlets  for  the  air  were  made  by  cutting  slots 
in  the  sides  of  the  boxes.  These  were  packed  with 
cotton  batting  to  prevent  the  entrance  of  dust.  Plate 
glass,  resting  on  thin  strips  of  felt  placed  along  the 
edges  of  the  boxes,  served  as  covers. 

Three  50-cubic  centimeter  samples  of  each  tar  were 
placed  in  seamless  flat  tins,  5%  inches  in  diameter  and 
%  inch  deep.  This  amount  of  material  gave  a  uniform 
film  thickness  of  %  inch.  The  exposure  boxes  containing  I 
the  three  sets  of  exposure  samples,  one  each  for  5-,  10-, 
and  15-week  periods,  are  shown  in  figure  6. 

ULTIMATE  LOSS  ON  EXPOSURE  CLOSELY  APPROXIMATED  LOSS  IN 
A.S.T.M.  D  20-30  DISTILLATION  TEST 

The  samples  were  placed  in  the  exposure  boxes  on 
June  15,  1933.  During  the  following  15  weeks  the 
hourly  temperatures  within  the  boxes  were  recorded 
daily  from  9  a.  m.  to  4  p.  m.  The  maximum  tempera- 
ture reached  during  this  time  was  196°  F.  ("91°  C.)  occurr- 
ing on  a  clear  day  with  a  maximum  of  sunshine.  On 
cloudy  days  the  temperature  within  the  boxes  was  the 
same  as  the  outside  air  temperature.  The  average 
maximum  daily  air  temperature  was  85°  F.  (30°  C). 
As  determined  from  United  States  Weather  Bureau 
reports  for  the  period  of  exposure,  the  samples  from 
the  5-,  10-,  and  15-week  periods  were  subjected  to  333, 
611,  and  866  hours  of  sunlight,  respectively. 

The  samples  tested  at  the  end  of  15  weeks  of  exposure 
were  weighed  at  various  intervals  to  determine  the 
loss  of  volatile  matter  at  all  intermediate  periods  except 
the  35-day  and  70-day  periods  (5  and  10  weeks). 
The  losses  at  these  two  periods  were  determined  on 
the  samples  removed  for  test  at  that  time,  so  that  the 
percentage  of  loss  obtained  could  be  correlated  ac- 
curately with  the  test  values  on  the  residues.  This 
procedure,  no  doubt,  accounts  for  variations  in  losses 
between  the  35-  and  70-day  tests  that  appear  to  indi- 
cate gains  in  weights  rather  than  continued  losses. 
The  percentages  of  loss  at  different  periods  are  tabu- 
lated in  table  12  and  the  average  for  each  grade  of  ma- 
terial is  shown  graphically  in  figure  7. 

11  A  Study  of  Some  Liquid  Asphaltic  Materials  of  the  Slow-Curing  Type,  by  R.  II. 
Lewis  and  W.  O'B.  Hillman.    Public  Roads,  vol.  15,  no    1.  June  1934. 

''  Further  Studies  of  Liquid  Asphaltic  Materials,  by  R.  II.  Lewis  and  W.  O'B. 
Hillman.    Purine  Roads,  vol  16,  no  6,  August  1935. 
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Figure  .">. — Box  Used  in  Exposure  Tests. 

Table  12.—  Rale  of  loss  of  volatile  matter  in  thin-film  exposure  of 

road  tars 


Type  of 

material 


TC-1 


TC-3.   . 

TC-4  .. 

TM-1-. 

TM-2.. 
TR-1... 

TR-J. .. 

TH-1... 

TP-1... 
TP-2... 
TP  l 

TP-0.  - 

S] i  il 


[den- 

I  iflc  i 
lion 


Time  of  exposure  in  daj 


ii ni 

23.  9 

24.  I 
22.  3 
22  9 
19.  2 
21.5 
is.  7 
17.2 
21.6 
19.  2 
17.(1 
21.6 
13.5 
11.9 
20.9 
13.0 
13.  3 
17.0 
11.1 
16.  8 
14.7 
13.6 
1 5.  3 

7.6 
4.1 
2.  0 
4.2 
2.3 
2.7 
2.7 
1.2 

7/A 
29.  '.i 
2.9 


Per- 
cent 
31.4 
31.5 

29  5 

30  - 
26  6 
30.  1 
26.  1 
24.3 
29.2 
26  9 
24.  1 
26.8 
22.2 
20.3 
24.0 
19.9 
19.3 
22.4 
17.9 
21.3 
20.1 
19.1 
19.4 
12.5 

8.4 
8.2 
8.8 
5.3 
6.4 
5.3 
4.3 
3.4 
12.2 
41.4 
6.2 


Per- 
cent 

32.4 
31.9 
31.2 
32.  8 
28.7 
30.3 
27.4 
27.3 
20.3 
28.6 
25.9 
27.0 
23.1 
22.  7 
24.  'J 
21.3 
20.9 
22.8 
20.0 
21.5 
21.2 
19.5 
20.9 
13.7 
11.0 
10.8 
10.7 
7.3 
7.9 
6.4 
5.3 
4.8 
13.5 
44.4 
6.4 


Per- 
cent 

32.  y 

32.7 
32.9 
34.9 
30.  9 
31.0 

29.  1 
30.4 
29.9 

30.  6 
27.  4 
27.5 
24.  y 
25. 0 
25.3 
23. 6 
22.4 
23.  4 
22.7 
22.1 
22.4 
19.8 
22.1 
15.2 
13.4 
14.3 
12.8 

8.3 
9.8 
7.7 
6.5 
7.2 
14.9 
45.  4 
7.0 


Per- 

ii  nt 
33.  2 
33.  1 
33.9 
35.  3 
31.4 
30.  5 
29.  2 
30.8 
28.8 
31.6 
26.  2 
26.  II 
23.  1 
23.  6 
24.3 
25.  1 
22.4 
23.1 
23.  0 
21.5 
22.0 
19.8 
21.2 
14.2 
12.3 
15.0 
12.6 
7.1 
10.4 
7.4 
6.8 
8.7 
14.2 
4li.fi 
6.7 


50 


n  ill 

33.  5 
33.  2 
33.  9 
36.0 
31.8 
31.4 
3IJ.  1 
31.6 
30.3 
32.4 
28.  5 
28.2 
25.  5 
25  S 
25  9 
2-4.8 
23.7 
24.0 
25.0 
22.8 
22.8 
20.6 
22.6 
15.8 
14.1 
18.2 
14.0 
8.  9 
11.4 
8.2 
7.5 
9.7 
15.  7 
U\  1 
7.8 


Per- 
cent 
34.4 

33.7 
33.3 
35.  3 
31.1 

30.7 
29.  1 
32.7 
29.  5 
31.3 
23.4 
27.  1 
25.  4 

26.5 
25.3 
23.3 
23.7 
24.9 
22.4 
22.3 
20.0 
22.6 
15.4 
14.6 
19.9 
15.  o 
9.4 
10.6 
7.0 
7.1 
9.6 
15.  3 
48. 1 
0.0 


cent 
34.0 
33.  0 

31.  5 
30.  3 

32.  3 
31.7 

io. ; 

10  5 
30.9 

32.  7 
28.  li 
28.4 

20.  3 
20.  7 
20.  4 
25.  0 
24.0 
24.3 
25.  4 
23.  3 
23.5 
21.3 
22.7 
16.2 
14.7 
19.7 
14.5 

9.9 
117 

8.7 

8.2 
10.5 
10.0 
40.  3 

8.1 


During  exposure  a  skin  was  formed  on  the  surface  of 
the  samples,  the  thickness  of  the  skin  increasing  as  the 
loss  of  the  volatile  constituents  increased.  The  thick- 
ness of  the  skin  had  increased  noticeably  by  the  end  of 
each  exposure  period,  the  deptli  of  softer  material  on 
the  bottom  of  the  pan  being  correspondingly  reduced. 
Photographs  showing  the  condition  of  the  him  surfaces 
.'liter  15  weeks  exposure  are  shown  in  figures  S  to  11 
inclusive. 

It  will  be  noticed  from  table  12  and  figure  7  that  all 
of  the  tars  lost  weight  rapidly  at  first  and  then  more 
slowly  as  the  time  of  exposure  increased.  Based  on 
the  loss  after  15  weeks,  the  maximum  loss  in  2  days 
was  79.2  percent,  the  minimum  6.7,  and  the  average 
loss  for  the  32  tars  meeting  some  specification  was  51.7 
percent.  In  15  days  the  maximum  loss  was  95.6,  the 
minimum  45.7,  and  the  average  84.1  percent.  Beyond 
Hie  15-day  period  all  samples  lost  weight  very  slowly. 
At  the  end  of  the  50-day  period  the  average  loss  for  all 
samples  was  97.4  percent  of  the  loss  at  15  weeks.  The 
cold-application  tars  showed  a  much  higher  rate  of  loss 
than  did  the  hot-application  tars.  At  the  end  of  S  days 
the  former  showed  an  average  loss  of  86.1  percent  of 


Figure  C. — Exposure   Boxes  Containing  Tar  Samples    \\i> 

HUBBARD-FlELD    SPECIMENS    DURING    AN     EXPOSURE    TEST. 


TIME.  OF  EXPOSURE.-  DAYS 


Figure  7. — Rate  of  Loss  in  Thin-Film  Exposure  of  Various 
Road  Tars   (Values   Are  Averages   for   Each    Grade). 

their  ultimate  loss,  while  the  nine  hot  tars  requireda 
period  of  22  days  to  show  an  average  loss  of  83.2  per- 
cent. 

In  order  to  make  comparisons  of  the  characteristics 
developed  by  5-,  10-,  and  15-week  exposures  and  by  (he 
distillation  test,  the  respective  residues  were  subjected 
to  the  same  tests.     These  data  are  shown  in  table  13. 

EXPOSURE  RESIDUES  WERE  HARDER  AND  DEVELOPED  MORE  FREE 
CARBON  THAN   DISTILLATION  RESIDUES 

The  average  total  loss  in  the  distillation  test,  A.  S. 
T.  M.  D  20-30,  for  the  32  tars  that  substantially  met 
the  Federal  specifications  was  25.3  percent  as  compared 
to  the.  average  loss  of  the  same  samples  for  5,  10,  and 
15-week  exposure  periods  of  22.3,  23.2,  and  24.0  per- 
cent, respectively.  Since  the  average  total  loss  in  the 
distillation  test,  when  the  residue  was  poured  immedi- 
ately, was  27.5  percent  for  these  same  samples,  it  is 
seen  that  the  ultimate  loss  as  determined  at  the  end 
of  the  15-week  period  was  in  closer  agreement  with  the 
loss  obtained  in  the  standard  method  of  distilling  tar 
products.  Figure  12  compares  the  total  loss  in  the 
distillation  test,  A.  S.  T.  M.  D 20-30,  with  the  loss 
occurring  in  thin  films  at  the  end  of  15  weeks  of  exposure. 
Samples  32  and  34  were  the  only  tars  to  show  an 
appreciably  greater  loss  under  exposure  than  occurred 
in  the  distillation  test.  All  other  materials  had  losses 
approximately  equal  to  or  less  than  the  losses  in 
distillation. 

Although  the  loss  of  volatile  matter  in  5  weeks  was 
practically  equal  to  or  less  than  the  loss  in  the  distilla- 
tion test,  except  for  samples  'A'2  and  34,  all  the  residues 
from  this  period  except  for  samples,  9,  10,  22,  and  Ml, 
had  penetrations  equal  to  or  lower  and  softening  point 
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SAMPLE     7.    (  TC  -   I  ) 


SAMPLE     14     (TC    -   I   ) 


SAMPLE    20.  (TC  -  I 


SAMPLE    21 


SAMPLE    33.  (TC  -   2)  SAMPLE    16.  (TC  -  3 

-Appearance  of  Surfaces  of  Tar  Samples  After  15  Weeks  of  Exposure.  The  Figures  in  Parentheses s  Ar| 
the  Federal  Specification  Grades  to  Which  the  Samples  Conform.  The  Centers  of  the  Spots  on  Samples  i  and  1 
Were  Highly  Carbonized.     All  of  the  Other  Samples  were  Slightly  Carbonized. 


equal  to  or  higher  than  the  corresponding  distillation 
residues. 

The  greatest  difference  in  penetration  occurred  in  the 
exposure  residues  of  samples  23,  24,  26,  32,  33,  34,  and 
35,  their  penetrations  ranging  from  one-ninth  to  one- 
twenty-fifth  of  the  penetrations  of  their  corresponding 
distillation  residues.  At  the  end  of  10  weeks  only  the 
residue  of  sample  31  had  a  softening  point  appreciahly 


lower  than  that  of  its  distillation  residue.  The  softening 
point  of  the  exposure  residue  of  sample  22  was  approxi- 
mately the  same  as  that  of  its  distillation  residue. 
After  15  weeks  of  exposure  all  residues,  except  that  <>! 
sample  31,  were  considerably  harder  than  their  corre- 
sponding distillation  residues. 

A  comparison  of  the  softening  points  and  penetration 
of  the  distillation  residues  and  the  15-week  exposure 
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SAMPLE      25    (TC-3) 


SAMPLE      3.    (TC-4) 


SAMPLE     17.    (TC-4) 


SAMPLE      8    ( '  TM-  I  ) 


SAMPLE      II     (TM-  I  ) 


SAM  PLE     18.  (TM-I  ) 


SAMPLE      5  5.  (TM-I) 


SAMPLE     5.   (TM-2) 


SAM  PLE     19.  (TM-2) 


Figure  9. — Appearance  op  Surfaces  of  Tar  Samples  After  15  Weeks  of  Exposure.  The  Figures  in  Parentheses  Are 
the  Federal  Specification  Grades  to  Which  the  Samples  Conform.  The  Center  of  the  Spot  on  Sample  8  W  - 
Highly  Carbonized  and  the  Rough  Areas  on  Sample  11  Were  Carbonized.  All  of  the  Other  Samples  Were 
Slighlty  Carbonized,  and  in  Addition  Sample  5  was  Fluorescent  and  Sample  25  was  Partially  Fluorescent. 


residues  substantiates  the  conclusion  of  Reeve  and 
Anderton  that  the  comparative  consistencies  of  the  resi- 
dues from  distillation  to  a  single  arbitrary  temperature 
do  not  represent  the  relative  behavior  of  tars  in  service. 
The  average  softening  point  of  the  distillation  residues 
of  samples  7,  14,  20,  and  24  meeting  TC-1  specification 
was  48.1°  C,  and  the  average  softening  point  of  the 


residues  after  15  weeks  of  exposure  was  74.5°  C.  The 
distillation  residues  of  the  live  TP  products,  samples  4, 
13,  29,  30,  and  34,  had  an  average  softening  point  of 
50.1°  C,  but  the  average  softening  point  of  their 
exposure  residues  was  slightly  under  05°  C. 

Early  investigators,  as  previously  mentioned,  noted 
that  tar  products  on  exposure  developed  considerable 
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SAMPLE     26.  (TM-2) 


SAMPLE    9.    (TR-l) 


SAMPLE    6.  (TR-2) 


SAMPLE   10    (TR-2) 


SAMPLE  27.   (TR-2) 


SAMPLE    2.  (TH-  l) 


SAMPLE  12.  (TH  ~l) 


SAMPLE  28.  (TH  -  l) 


SAMPLE  32. (TH  -l) 


Figure  10. — Appearance  of  Surfaces  of  Tar  Samples  After  15  Weeks  of  Exposure.  The  Figures  in  Parentheses  Are 
the  Federal  Specification  Grades  to  Which  the  Samples  Conform.  The  Concentric  Circles  on  Sample  12  Snow 
[ncreasing  Carbonization  Toward  the  Center,  and  the  Spots  on  Samples  9  and  10  Were  Carbonized.  All  of  the 
Other  Samples  Were  Slightly  Carbonized,  and  in  Addition,  Samples  26  and  27  Were  Fluorescent.  F: 


quantities  of  free  carbon.  In  order  to  see  if  this  produc- 
tion of  organic  material  was  more  pronounced  unde] 
exposure  conditions  than  under  the  accelerated  labora- 
tory heat  test  (the  distillation  test),  determinations  of 
solubility  in  carbon  disulphide  were  made  on  all  residues 
thus  obtained.  By  expressing  the  percentage  of  Tree 
carbon  in   any  residue  in   terms  of  the  weight  of  the 


original  material,  then  dividing  by  the  percentage  of 
free  carbon  in  the  original  material  and  multiplying 
by  100,  the  result  is  the  index  of  increase  in  free  carbon. 
An  index  of  100  indicates  that  no  increase  nor  decrease 
has  taken  place.  The  indexes  of  increase  in  free  carbon 
for  the  various  residues  are  given  in  table  I  1. 
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SAMPLE     13.     (TP-l) 


SAMPLE     29    (TP-2: 


SAMPLE     4.    (TP-4) 


SAMPLE    30.  (TP-6) 


SAMPLE     34    (TP-6) 


SAMPLE    22 
(SPECIAL    MATERIAL) 


SAMPLE    23 
(SPECIAL  MATERIAL) 


SAMPLE    31 
(SPECIAL  MATERIAL) 


Figure  11. —  Appearance  of  Surfaces  of  I'm;  Samples  After  15  Weeks  of  Exposure.  The  Figures  in  Parentheses  Are 
the  Federal  Specification  Grades  to  Which  the  Samples  Conform.  The  Center  of  the  Spot  on  Sample  13  Was 
Carbonized;  Samples  Ml,  J:;,  vnd  :i  1  \\  ere  Slightly  Carbonized;  and  All  of  the  Other  Samples  Were  Very  Slightly 
Carbonized.     In  Addition,  Samples  29   and  30   Were  Slightly  Fluorescent. 


LOSS   OF   VOLATILE    MATTER,   OXIDATION,    AND    POLYMERIZATION 
CAUSE  CHANGES  UPON  EXPOSURE 

This  tabic  indicates  that  the  distillation  residues  of 
samples  6,  7,  8,  9,  10,  11,  12,  13,  and  23  and  the  residues 
from  exposure  of  sample  7  at  5  and  1(1  weeks  and  of 
sample  9  at  IT)  weeks  had  indexes  of  increase  of  less  than 


100.  These  apparent  decreases  in  free  carbon  may,  in 
the  majority  of  cases,  result  from  slight  inaccuracies  in 
the  carbon-disulphide  solubility  tests.  In  the  case  of 
sample  '_':'>,  repeated  cheek  tests  on  both  the  original 
material  and  the  distillation  residue  indicated  that  the 
(ra-  carbon  content  of  this  material  was  greatly  reduced 
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Figure  12,     Comparison    of   the    15-Week    Exposure    Loss 
\\  i  in  the  Total  Loss  in  Distillation. 

during  distillation.  This  sample  under  exposure  rap- 
idly developed  material  insoluble  in  carbon  disulphide. 
For  all  materials,  except  samples  7  and  31,  the  index  of 
increase  in  free  carbon  is  least  in  the  distillation  residues 
and  greatest  in  the.  10-  or  15-week  exposure  residues. 

As  measured  by  the  softening  point,  the  hardness  of 
the  5-week  exposure  residues  of  samples  1,  20,  23,  24, 
25,  20,  32,  33,  34,  and  35  exceeded  the  hardness  of  their 
distillation  residues  by  the  greatest  amounts,  the 
difference  in  softening  points  ranging  from  14.4°  C.  to 


Table  14. — Index  of  increase  in  free  carbon  for  various  residues 


Type  of  material 

Identifi- 
cation 

Distilla- 
tion resi- 
due 

l   eposure  residues 

5  weeks 

10  weeks 

15  h  eeks 

TC-1._ .... 

20 

I             24 

1 

15 

21 

33 

f            16 

\            25 

{     i 

8 

11 

18 

1            35 

26 
9 

1              6 
10 

27 

i             J 

)             32 

1            28 

13 

29 

4 

f           30 

I            34 

22 

23 

I            31 

Percent 
92 
116 
172 
126 
100 
120 
170 
121 
122 
122 
103 
130 
96 
93 
125 
123 
104 
126 
119 
88 
93 
93 
116 
101 
97 
112 
121 
98 
120 
112 
113 
110 
115 
14 
128 

Percent 
79 
131 
262 
194 
152 
139 
258 
216 
140 
185 
133 
148 
118 
120 
148 
189 
138 
145 
176 
109 
109 
112 
132 
122 
120 
191 
153 
119 
144 
121 
132 
162 
118 
210 
123 

Percent 
93 
154 
294 
210 
169 
162 
287 
245 
163 
190 
156 
162 
126 
130 
166 
202 
142 
164 
193 
110 
113 
111 
143 
122 
134 
205 
169 

Percent 
116 
184 

TC-2 

328 
220 
169 

155 

TC-3 

302 
339 
172 

n  !  i    

205 
163 

TM-l 

172 
129 
133 

TM-2 

178 
240 
152 
168 
201 
94 
117 
120 
145 
128 
131 

TR-1.__ 

TR-2. 

TII-1 

TP-1..._ 

237 
173 
129 

TP-2 

149 
118 
136 
176 
122 
188 
131 

Tl>-4..._ 

127 

TP-6- 

1 50 

Special- 

189 
127 
214 
Ml 

26.4°  C.  The  softening  points  of  the  15-week  exposure 
residues  of  these  same  materials  exceeded  the  softening 
points  of  the  distillation  residues  by  amounts  ranging 
from  21.9°  C.  to  41 .4°  C.  With  the  exception  of  sample 
21,  the  difference  between  the  index  of  increase  in  free 
carbon  for  the  exposure  and  distillation  residues  was 
also    greatest    for    these    materials.     For    the    5-week 


Table   13. — Results  of  laboratory  lesls  on  distillation  and  exposure  residues 


Type  of  material 


TC-1. 

TC-3 

rc  i 

TM-l. 

TM-2. 

TIM 
Til  -2 

111    I 

TP  1 

TP-2-. 

TP-4 

TP  6 

Special 


Identi- 
fication 


Distillation  residue  (A.  S.  T.  M. 
D  20-30) 


Total 
loss 


Percent 
35.90 
38.04 

32.  06 
34.35 

33.  19 
36.  34 
29.  25 
29.92 
35.  50 
31.89 
29.10 
31.78 
26.  05 
27.57 
33.42 
25.31 
25.73 
31  89 
23.  40 
27.75 
25.  90 
25.  52 
25.45 
19.80 
15.54 
11.12 
14.37 
11.79 
11.72 
13.20 

8.72 
5. 90 
19.62 
47.  85 
18.  90 


Pene- 
tration 

at  25° 
C,  mo, 

%.,  5  sec 


38 
25 
38 
50 
38 
20 
27 
13H 
18 
42 
53 
12 
71 
74 
15 
97 
46 
12 
62 
12 
20 
18 
15 
26 
89 
218 
43 
38 
30 
12 
25 
71 
15 
84 
1 


Soften 

ing 

point 


°C. 

45. 0 

54.  8 
47.4 
45.2 
44  6 

55.  6 
50.  8 
37.0 
57.  1 
46.  6 
45.0 
60.4 
41.0 
42.0 
59.4 
39.6 
46.1 
60.  0 

43,  2 
60.  (1 
63.  1 
55.  8 
55.4 
51.7 
41.6 
33.1 
47.0 
49.0 
49.6 
66.1 
51.8 

44.  1 

39.  1 
73.3 


Free 
carbon 


Percent 
11.7 
11.4 
11.9 
12.6 

9  1 
12.2 
13.0 

6.6 
12.8 
12.9 
11.2 
13.8 
11.2 
11.0 
13.6 

7.8 
11.4 
13.7 
13.0 
14.3 

20.  3 
11.4 
17.5 
18.7 
11.7 

8.6 
13.7 
11.9 
15.2 

21.  1 
15.  1 

9.  2 
3D.  1 

1.3 
20.  1 


5-week  exposure  residue 


Loss 


Percent 
33.2 
33.1 
33.9 
35.3 
31.4 
30.5 
29.2 
30.  8 
28.8 
31.6 
26.2 
26.  0 
23.  1 
23.6 
24.3 
25.1 
22.4 
23.1 
23.0 
21.5 
22.0 
19.8 
21.2 
14.2 
12.3 
15.0 
12.6 
7.  1 
10.4 
7.4 
6.8 
8.7 
14.2 
46.  fi 
<;.  7 


I'i'lli: 

tration 
at  25° 
C,  100, 

g.,  5  sec 


Soften 

ing 

point 


°C. 
58.0 
61.0 
62.9 
66.7 
59.  3 
57  9 
61.1 
59.4 
59.5 
64.9 
56.9 
59.0 
51.3 
50.2 
60.0 
57.5 

64.  5 
59.7 
60.0 

55.  5 

57.  s 
51.0 
58.3 
56.0 
47.6 
53.  0 
57.0 
49.3 
59.  9 

56.  4 
56.  5 

58.  5 
50.  0 

65,  a 
51.7 


Free 
carbon 


Percent 
9.8 
11.9 
18.6 
19.8 
13.5 
12.9 
19.6 
11.8 
13.4 
19.4 
13.5 
13.6 
13.4 
13.5 
14.3 
11.9 
14.6 
13.9 
19.2 
16.3 
22.5 
12.8 
18.  9 
21.1 
13.9 
15.3 
16.9 
13.7 
18.0 
21.4 
17.3 
14.0 
29,  0 
19.6 
16.7 


10-week  exposure  residue 


Loss 


Percent 
34.4 
33.7 
33.3 
35.3 
31.1 
30.7 
29.1 
32.7 
29.5 
31.3 
23.4 
27.1 
25.4 
25.2 
26.5 
25.3 
23.3 
23.7 
24.9 
22.4 
22.3 
20.  0 
22.6 
15.4 
14.6 
19.9 
15.  (I 
9.4 
10.6 
7.6 
7.1 
9.  (i 
15.3 
48.  I 
6.0 


Pene- 
tration 

at  25° 
C,  100, 
g.,  5  sec. 


Soften- 
ing 
point 


°C. 

69.4 
69.2 
68.7 
70.8 
66.  7 
65.0 
66.8 
67.3 
68.0 
67.3 
68.8 
68.5 
62.9 
59.3 
70.6 
61.6 
61.1 
65.7 
67.7 
62.9 
63  1 
59.5 
05.  1 
64.1 
57.6 
65.7 
64.7 
61.4 
63.  1 
60.7 
59.5 
62.  9 
57.  6 
77.6 
59.4 


Free 
carbon 


Pet  cent 
11.6 
14.1 
20.7 
21.4 
15.0 
15.1 
21.8 
13.8 
15.7 
19.9 
16.3 
15.3 
14.7 
14.9 
16.5 
12.7 
15.1 
15.8 
21.6 
16.6 
23.6- 
12.8 
20.9 
21.4 
15.9 
17.4 
19.3 


15-week  exposure  residue 


Loss 


18.7 
21.0 
17.9 
15.4 
30.3 
18.2 
17.7 


Percent 
34.0 
33.6 
34.5 
36.3 
32.3 
31.7 
30.7 
30.5 
30.9 
32.7 
28.6 
28.4 
26.3 
26.7 
26.4 
25.6 
24.0 
24.3 
25.4 
23.3 
23.5 
21.3 
22.7 
16.2 
14.7 
19.7 
14.5 
9.9 
11.7 
8.7 
8.2 
10.5 
16.(1 
46.3 
8.1 


Pene- 
tration 

at  25° 
C,  100, 
;.,5sec 


Soften- 
ing 
point 


°C. 

73.3 
74.3 
74.2 
76.3 
71.9 
70.4 
75.2 
71.5 
75.9 
74.2 
71.3 
74.2 
66.4 
65.3 
74.9 
64.5 
65.4 
68.4 
71.8 
HS  0 
67.5 
67.0 
66.4 
07.4 
69.0 
68.7 
65.2 
63.4 
66.6 
64.0 
64.0 
66.0 
63.  0 
80.5 
OS.  .', 


Free 
carbon 


Percent 
14.4 
16.9 
23.5 
22.8 
15.2 
14.8 
23.  5 
18.  6 
17.0 
22.0 
17.1 
16.6 
15.2 
15.6 
17.6 
15.2 
16.4 
16.4 
22.6 
11  1 
24.7 
14.(1 
21.2 
22.7 
15.7 
20.1 
19.7 
15.2 
20.4 
22.9 
19.9 
10.6 
31.9 
20.0 
19  5 


July  1936 


PUBLIC   ROADS 


105 


exposure  residues  the  difference  ranged  from  52  to  196 
and  for  the  15-week  exposure  residues  the  difference 
ranged  from  69  to  218. 

It  was  shown  by  Reeve  and  Anderton  l0  that  water- 
gas  tars  low  in  free  carbon  increased  in  free-carbon  con- 
tent to  a  much  greater  extent  than  coal  tars  high  in  free 
carbon  when  exposed  under  conditions  comparable  to 
those  of  this  investigation.  Because  of  the  large  num- 
ber of  blended  tars  and  the  wide  range  in  consistency  of 
the  materials  covered  in  this  study,  the  relations  be- 
tween free  carbon  in  the  original  materials  and  the  free- 
carbon  content  of  the  residues  after  exposure  only  in- 
dicated general  trend  that  the  lower  the  free-carbon 
content  of  the  original  material  the  higher  the  index  of 
free  carbon  in  the  exposed  residue.  This  trend  is  shown 
by  table  15,  which  is  based  on  the  test  data  given  in 
tables  5  and  14. 

^S.  Sabrou,13  in  reporting  on  a  study  of  the  aging  of 
road  tars,  drew  the  following  conclusions,  based  on 
laboratory  studies.  When  a  tar  is  spread  on  a  road 
and  subjected  to  the  climatic  conditions  prevailing  in 
France,  it  undergoes  an  aging  which  is  not  attributed 
to  polymerization  due  either  to  heat  or  the  ultra  violet 
light  of  the  sun,  but  which  is  attributed  to  slow  and 
slight  oxidation  and  above  all  to  the  evaporation  of  the 
lighter  constituents.  He  intimated  that  the  effect  of 
evaporation  is  at  least  100  times  that  of  oxidation. 

Some  of  the  inherent  changes  developed  on  exposure 
can  probably  be  traced  to  the  high  loss  of  volatile  mat- 
ter which  occurred  early  in  the  exposure  period,  thereby 
causing  a  considerable  reduction  in  film  thickness. 
This  reduction  in  film  thickness  undoubtedly  caused 
the  material  to  weather  more  rapidly.  An  example 
of  this  is  shown  by  the  test  results  on  the  four  samples 
submitted  by  producer  E.  These  data  are  shown  in 
table  16. 

Since  these  materials  are  probably  from  the  same  base, 
they  may  be  assumed  to  be  comparable.  The  figures 
show  that  as  the  loss  of  volatile  material  increases  with 
attendant  decrease  in  film  thickness,  the  index  of  in- 
crease in  free  carbon  also  increases.     Thus  it  is  indicated 

Table  15. — Comparison  of  free  carbon  content  of  original  material 
and  index  of  increase  in  free  carbon  for  exposure  residues 


Number  of  samples 


5- 

12 
12 
6. 


Free  carbon  in  original 
materials 


Maxi- 
mum 


Percent 

5.42 

7.91 

11.67 

21.09 


Mini- 
mi! ni 


Percent 
3.  76 
6.06 
8.15 
12.23 


Average 


Percent 
4.72 
6.92 
9.68 
15.57 


Index  of  increase  in  free  car- 
bon for  residues  after  15 
weeks'  exposure 


Maxi- 
mum 


339 
237 
201 
150 


Mini- 
mum 


214 
155 
94 
117 


Average 


2S5 
184 
141 
132 


Table   16, 


-Results  of  tests  on  the  15-week  exposure  residues  of 
samples  obtained  from  producer  E 


Sample  no. 

Loss 

Softening 
point 

Index  of 
increase  in 
free  carbon 

33 - 

Percent 
30.5 
25.6 
19.7 
10.5 

°  C. 

71.5 
64.5 
68.7 
66.0 

339 

35 

240 

32 

237 

34 . 

189 

i°  The  Effects  of  Exposure  on  Tar  Products,  by  C.  S.  Reeve  and  B.  A.  Anderton 
Journal  of  Franklin  Institute,  vol.  182,  no.  10,  October  1916. 
1]  Congres  de  l'tndustrie  de  Oez,  Paris  5-10,  Juin  1931. 


Table   \7 .—  Comparison  of  averaged  '  test  results  on  distillation 
and  exposure  residues 


Test 


Distillation 

5-week  exposure 
10-week  exposure 
15-week  exposure 


Average 
total 
loss 


Percent 
25.3 
22.3 
23.2 
24.0 


Average 
penetra- 
tion of 
residue 


46.7 
15.5 


3.3 


Average 

softening 

point  of 

residue 


C. 

49.0 
57.5 
64.9 
69.1 


Average 

index  of 

increase  in 

free  carbon 


lit 
150 
164 

176 


1  Data  for  samples  22,  23,  and  31  excluded. 

that  the  more  viscous  tars,  which  lose  less  volatile  mate- 
rial and  produce  greater  film  thicknesses,  should  weather 
less  rapidly  than  the  lighter  tars. 

A  general  comparison  of  the  effects  of  exposure  as 
compared  to  the  effects  produced  by  the  distillation 
test  may  be  clearly  seen  in  table  17.  This  table  shows 
that  the  5-week  exposure  residues  are  considerably 
harder  than  their  corresponding  distillation  residues. 

The  continued  increase  in  hardness  and  the  increase 
in  free-carbon  content  of  the  residues  exposed  for  longer 
periods  without  much  additional  loss  of  volatile  matter 
indicate  that  the  changes  in  the  character  of  the  residues 
after  exposure  are  due  to  other  causes  than  mere  loss 
of  volatile  matter.  There  is  evidence  that  both  oxida- 
tion and  carbonization  are  responsible  for  the  changes 
that  take  place  when  bituminous  materials  are  exposed 
to  air  and  sunlight.  The  great  increase  in  the  free- 
carbon  content  of  the  tars  subjected  to  exposure,  as  well 
as  the  greater  hardness  of  the  exposed  residues,  indi- 
cates quite  clearly  that  mere  evaporation  is  not  respon- 
sible for  the  highly  altered  residues  obtained. 

HUBBARD-FIELD  STABILITY  TEST  USED  TO  DETERMINE  BONDING 
STRENGTH  BEFORE  AND  AFTER  EXPOSURE 

This  and  previous  investigations  have  shown  that  on 
exposure  tars  develop  free  carbon  in  excess  of  that 
caused  solely  by  concentration.  No  efforts  have  been 
made  to  determine  the  character  of  this  free  carbon. 
G.  T.  Gilbert  and  J.  G.  Mitchell  »  have  stated  that 
quantitative  determinations  show  that  tars  oxidize  in 
the  dark  and  that  this  oxidation  is  accelerated  by  light 
with  the  formation  of  material  insoluble  in  benzene 
(free  carbon).  These  writers  have  advanced  a  new 
conception  of  tars  based  on  the  solubility  of  tar  in 
various  solvents.  They  indicate  that  free  carbon  is  of 
four  types:  Cu  insoluble  in  all  solvents;  C2,  insoluble 
in  benzol  (C6H6)  but  soluble  in  pyridine;  C3,  insoluble. 
in  ethyl  ether  but  soluble  in  benzene;  and  C4,  insoluble 
in  light  naphtha  (40°-60°  C.  boiling  point)  but  soluble 
in  ether.  They  intimated  that  the  formation  of  this 
benzene-insoluble  free  carbon  can  be  detected  by  deter- 
mining the  Ci  and  C2  content  of  the  original  and  ex- 

C  +C 
posed  tars.     The  ratio  — ^ — -  then  gives  a  measure  of 

1 
increase  distinct  from  that  caused  by  simple  concen- 
tration resulting  from  evaporation.  The.  character  of 
the  free  carbon  formed  in  exposed  tars,  based  on  the 
solubility  of  the  original  material  and  the  residue  from 
exposure  in  benzene  or  carbon  disulphide  and  pyridine, 
may  prove  of  value  in  detecting  the  internal  alterations 
that  accompany  the  weathering  of  tars. 

Road  tars  when  used  in  the  road  surface  develop 
adhesiveness  or  binding  strength  in  various  ways  de- 


"  The  Constituents  of  Tar,  Highways  and  Bridges,  vol.  II,  no.  53,  June  19,  l!).'(.r. 
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pending  upon  the  grade  of  tar  and  the  type  of  construc- 
tion in  which  it  is  used.  The  tars  that  are  used  in  pene- 
trative treatments  such  as  primers,  those  used  as  binders 
for  cover  stone  in  surface  treatments  and  seal  coats, 
and  those  used  as  binders  for  coarse  open-graded  mix- 
tures, either  plant  or  road  mixed,  and  in  some  cases  for 
closely  graded  mixtures,  all  develop  their  initial  binding 
strength  through  the  loss  of  their  more  volatile  con- 
stituents, or  through  stiffening  of  the  material  on  cool- 
ing, or  a  combination  of  both. 

Cold-application  tars  have  little  bonding  strength 
when  first  applied  to  the  road,  but  by  rapid  loss  of 
volatile  matter  soon  provide  a  very  stable  surface. 
Hot-application  tars  of  both  the  surface  treatment  and 
construction  grades  possess  sufficient  bonding  strength 
when  cooled  in  the  road  surface  to  withstand  imme- 
diately the  stress  of  traffic,  although  the  initial  bonding 
strength  of  the  hot-surface-treatment  tars  may  be 
further  increased  by  the  loss  of  volatile  matter.  The 
ultimate  bonding  strength  of  all  road  tars  is  undoubt- 
edly increased  by  a  continued  loss  of  volatile  matter 
and  by  inherent  changes  when  exposed  to  service 
conditions. 

In  order  to  determine  the  initial  bonding  strength 
and  its  development,  a  series  of  tests  were  made  using 
the  Hubbard-Field  stability  apparatus.  This  equip- 
ment has  been  extensively  used  to  study  the  effects  of 
various  physical  properties  of  asphaltic  materials  on 
the  stability  or  resistance  to  displacement  of  fine-graded 
asphaltic  mixtures.15 

Determinations  of  the  bonding  strength  or  adhesive- 
ness of  the  35  tars  were  made  by  preparing  Hubbard- 
Field  stability  cylinders  containing  16.6  percent  by 
volume  of  original  materials  and  their  residues  from 
distillation  and  83.4  percent  of  a  standard  sand.  These 
molded  specimens  are  designated  as  series  1  cylinders. 

The  development  of  bonding  strength  was  determined 
by  preparing  cylinders  using  the  same  percentage  of 
original  materials  and  sand  as  stated  above  and  ex- 
posing the  compressed  specimens  to  the  same  conditions 
as  the  thin  films.  For  comparative  purposes  cylinders 
were  prepared  using  the  amount  of  each  distillation 
residue  that  would  have  been  present  had  the  per- 
centage of  tar  in  the  cylinders  containing  the  original 
material  been  subjected  to  the  distillation  test.  These 
specimens,  together  with  the  exposed  cylinders  are 
designated    as    series    2    cylinders. 

The  aggregate  used  in  making  these  tar  mixes  was 
the  same  Potomac  River  sand  used  in  the  previous 
work  on  liquid  asphaltic  mixes.12  The  sand  was  washed, 
separated  into  various  sizes,  and  recombined  to  give 
the  following  grading: 

Percent 

Passing  sieve  no.  10,  retained  on  sieve  no.  20 3.  7 

Passing  sieve  no.  20,  retained  on  sieve  no.  30 10.  3 

Passing  sieve  no.  30,  retained  on  sieve  no.  40 18.  1 

Passing  sieve  no.  40,  retained  on  sieve  no.  50 21.  3 

Passing  sieve  no.  50,  retained  on  sieve  no.  80 36.  6 

Passing  sieve  no.  80,  retained  on  sieve  no.  100 6.  1 

Passing  sieve  no.  100,  retained  on  sieve  no.  200 3.  2 

Passing  sieve  no.  200 .7 

The  tar  products  and  sand  were  thoroughly  mixed 
by  hand.  Three  cylinders  were  prepared  for  each  test 
condition.  All  cylinders  were  compacted  under  a  load 
of  3,000  pounds  per  square  inch.     Since  the  35  tars 

11  Further  Studies  of  Liquid  Asphaltic  Materials,  by  R.  IT.  Lewis  and  W.  O'B. 
Hillman.    Public  Roads,  vol.  16,  no.  6,  August  1935. 

"A  Study  of  Certain  Factors  Affecting  the  Stability  of  Asphalt  Mixtures,  by  ro- 
vost  Hubbard  and  F.  O.  Field.    Proceedings  A.  S.  T.  M.,  vol.  26,  pt.  II,  1920. 


varied  greatly  in  consistency,  the  test  procedure  for 
making  and  testing  the  Hubbard-Field  specimens 
varied  as  follows: 

1.  The  original  materials  intended  for  cold  applica- 
tion were  mixed  and  compressed  at  room  temperature. 

2.  The  original  materials  intended  for  hot  applica- 
tion were  mixed  and  compressed  at  40°  C. 

3.  All  distillation  residues  were  mixed  and  com- 
pressed at  80°  C. 

4.  In  forming  cylinders  containing  the  original  ma- 
terials, the  pressure  was  released  as  soon  as  the  required 
total  load  was  reached.  For  the  cylinders  containing 
the  distillation  residues  the  total  load  was  held  for  2 
minutes,  and  the  mold  was  flooded  with  cold  water  to 
chill  the  specimens. 

5.  The  bonding  strength  or  stability  of  the  cylinders 
containing  the  original  materials  was  determined  at 
25°  C.  only.  The  cylinders  from  the  5-week  period  of 
exposure  were  tested  for  stability  at  25°  C.  and,  if  the 
total  load  was  over  10,000  pounds  on  the  first  specimen, 
the  other  two  specimens  were  tested  at  60°  C  The 
cylinders  containing  the  distillation  residues  were 
tested  at  60°  C.  except  in  a  few  cases  where  one  of  the 
three  cylinders  was  tested  at  25°  C.  The  stabilities  of 
the  cylinders  exposed  for  10  and  15  weeks  were  all 
determined  at  60°  C. 

EXPOSED    CYLINDERS     HAD     MUCH     HIGHER    STABILITIES    THAN 
CYLINDERS  MADE  WITH  DISTILLATION  RESIDUES 

The  results  of  the  stability  tests  on  cylinders  of 
series  1  are  given  in  table  18,  and  those  on  series  2  are 
given  in  table  19.  These  data  have  been  plotted  in 
figures  13,  14,  and  15. 

In  figure  13  the  stability  of  the  cylinders  made 
with  the  cold-application  tars  has  been  plotted  against 


Ta 

BLE    18 

. — Resvlts  of  tests  on  series 

1  cylinders 

Identi- 
fication 

Original  material 

Distillation  residue  ' 

Type  of 
material 

Stabil- 
ity at 
25°  C. 

Specific 
viscosi- 
ty at 
40°  C. 

Float 

at 
50°  C. 

Stability 

Soften- 
ing 
point 

Pene- 

Tested 

at 
60°  C. 

Tested 

at 
25°  C. 

tration 

at 
25°  C. 

TC-1 

(        " 

20 

I         24 

(         » 

21 

I         33 
{         It 
{         .5 

(         " 
18 

1        35 

1         » 

I         26 

9 
[         27 

1        5 

32 

1         28 

13 

29 

4 

f        30 

I        34 

22 

{         23 

I         31 

Pounds 

0 

0 

0 

0 

15 

10 

25 

60 

63 

70 

87 

90 

100 

80 

90 

117 

153 

133 

173 

153 

178 

153 

163 

580 

380 

310 

783 

1,200 

1,958 

2,842 

3, 417 

2,258 

310 

0 

1 .  360 

9.2 
10.7 

9.5 
11.8 
15.9 
15.5 
17.3 
10.2 
21.2 
20.7 
34.9 
32.5 
40.1 
53.5 
48.5 
57.4 
70.4 
70.6 
83.7 
44.5 
60.7 
73.1 
03.1 

2.0 

Seconds 

58 
51 
43 
78 
107 
126 
167 
194 
165 
30 

51 

Pounds 
800 

1,475 
850 
925 
513 

1,513 
790 
398 

1,617 
585 
650 

1,833 
525 
538 

1,567 
375 
608 

2,030 
488 

1,892 

1,150 

1,260 

1,010 

1,110 
475 
225 
550 
800 
883 

1,375 
800 
625 

1,700 
892 

4,867 

Pounds 
8,100 

10,  000+ 

6,050 
6,900 

9,100 
9,800 

5,800 
4,200 

0  C. 
54.0 
61.7 
55.4 
54.4 
50.1 
62.7 
57.0 
58.  1 
63.1 
52.2 
54.0 
64.4 
48.4 
49.2 
64.1 
48.2 
52.5 
65.8 
50.7 
65.0 
60.4 
61.0 
59.5 
58.1 
44.8 
39.7 
52.8 
54.0 
56.0 
60.1 
56.8 
54.4 
61.6 
52.7 
75.  6 

21 
9 

TC-2.. 

TC-3 

13 

30 

8 

8 

36 

19 

10 

5 

39 

41 
6 
36 
18 
5 

TC-4 

TM-1 

TM-2 

TR-1 

25 
7 

TR-2 

5 
9 

TH-1 

6 
9 
07 
98 
21 
22 

TP-1. 

TP-2 

TP-4 

10 
5 

TP-6 

Special 

12 
13 

0 
20 

1 

I  Residue  from  A.  S.T.M.     D  402-34  T  distillation  test. 
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Figure  13. — Relations  Between  the  Consistencies  of 
Original  Materials  and  the  Stability  at  25°  C.  of 
Series  1  Cylinders. 
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Figure  14. — Relations  Between  Consistencies  of  the 
Distillation  Residues  and  Stability  at  60°  C.  of  Series 
1  Cylinders. 

the  Engler  specific  viscosity  at  40°  C.  of  the  contained 
tar,  and  for  the  cylinders  made  with  the  hot-applica- 
tion tars  the  stability  is  plotted  against  the  Boat  test 
in  seconds  at  50°  C.  The  stability  values  obtained  on 
the  cylinders  containing  the  cold-application  materials 
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Figure  15. — Comparison  of  Loss  of  Bitumen  and  Stability 
of  Series  2  Hubbard-Field  Cylinders. 

are  low  since  the  viscosity  range  indicates  relatively 
fluid  products.  The  greater  consistency  of  the  hot- 
application  materials  results  in  higher  stability  values. 
Generally,  with  both  types  of  material  the  higher  the 
consistency  of  the  tar  used  as  binder  the  higher  was 
the  stability.  A  comparison  of  the  two  curves  clearly 
illustrates  the  difference  in  binding  ability  of  cold-  and 
hot-application  materials  immediately  after  being  ap- 
plied. The  cold- application  materials  must  rapidly 
lose  much  of  their  volatile  constituents  to  increase 
the  stability  of  the  road  surface. 

The  stability  of  the  cylinders  containing  the  distilla- 
tion residues  was  plotted  against  the  softening  point 
and  penetration  of  the  contained  tar  pitch,  as  shown  in 
figure  14.  The  softening  point  value  showed  a  more 
constant  relation  than  did  the  penetration  value, 
indicating  that  the  softening  point  value  of  a  tar  pitch 
is  the  better  measure,  of  its  relative  bonding  strength. 
The   relation   between   stability   and   penetration   did 
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Table 

19. — Results  of  tests  on  series  2  cylinders 

[dentin- 
cation 

Cylinders  niado  with  the  original 

materials 

Cylinders  made  with  distilla- 
tion residue ' 

T}  pe  of  malerial 

Stability 

Loss 

of  bitumen  in— 

Stability 

As  made, 

tested 
at  25°  C. 

5  weeks 

10  weeks, 

tested 
at  60°  C. 

15  weeks, 

tested 
at  60°  C. 

5  weeks 

10  weeks 

15  weeks 

Tested 
at<30°C. 

Tested 
at25°C. 

Theoret- 
ical loss 
ol  bitu- 

Tested 
at  60°  C. 

Tested 
at  25°  C. 

men 

1          " 

20 

1             24 

(            " 

21 

33 
f            16 

1            25 

{            1? 

(            » 

18 

35 

i      i5 

26 
9 

1       'S 

27 

!    * 
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I            28 

13 

29 
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f           30 

I            34 

(            22 

\            23 

I            31 

Pounds 

0 

0 

0 

0 

15 

10 

25 

60 

63 

70 

87 

90 

100 

80 

90 

117 

153 

133 

173 

153 

178 

153 

163 

580 

380 

310 

783 

1,200 

1,958 

2,842 

3,417 

2,258 

310 

0 

1,300 

Pounds 

Pounds 
5,300 
4,950 
8,950 
7,000 
6,800 
5,600 
10, 000+ 
6,450 
6,000 
8,  650 
8,750 
6,850 
4,100 
3.600 
7,350 
8,300 
9,750 
7,  650 
9,200 
7,750 
10,000+ 
6, 950 
10,  000+ 
10,  000+ 
4,950 
7,  050+ 
10,  000+ 
5,  450 
10,  000+ 
10,  000+ 
10.  000+ 
10, 000+ 
10, 000+ 
2,  500 
10,  000+ 

Pounds 
2,400 
3,675 
5,725 
3, 575 
3,800 
3,925 
6,775 
3,575 
4,400 
4,425 
5, 825 
4,675 
2,300 
2,000 
5,150 
3,9.50 
4,600 
5.250 
4.075 
4,250 
5.200 
3,325 
6,  575 
5,975 
2,100 
2,900 
4,475 
2,  625 
4,925 
5,900 
5,225 
4,425 
7,300 
1,525 
8,300 

Pounds 
2,725 
4,075 
6, 475 
4,475 
3,375 
4,475 
7,225 
2,725 
5,325 
4,000 
4,400 
6,125 
2,375 
1,975 
6,225 
3,800 
4,975 
5,725 
4,275 
4,375 
6,075 
3,350 
8,150 
6,175 
2,250 
3,125 
5,425 
3,050 
5,325 
6,600 
6,  350 
3,375 
8,  175 
2,000 

Percent 
32 
32 
29 
31 
28 
30 
26 
26 
29 
28 
24 
27 
23 
24 
26 
21 
21 
25 
20 
22 
21 
22 
21 
15 
13 
10 
11 
7 
8 
6 
6 
5 
17 
43 
10 

Perant 
36 
35 
33 
36 
32 
33 
29 
32 
34 
33 
28 
30 
27 
28 
30 
26 
26 
30 
26 
26 
25 
25 
25 
19 
16 
17 
15 

9 
11 
10 

9 
10 
20 
47 
14 

Percent 
37 
37 
33 
36 
31 
35 
31 
31 
35 
33 
29 
32 
28 
28 
32 
26 
25 
30 
26 
26 
24 
25 
25 
19 
16 
16 
15 
11 
11 
10 
10 
9 
20 
50 
13 

Pounds 
700 

1,693 
858 
850 
500 

1,478 
758 
425 

1,475 
600 
633 

2,225 
563 
525 

1,683 
400 
667 

1,917 
563 

1,725 

1,138 

1,250 

1,098 

1,033 
538 
225 
600 
983 
917 

1,267 
925 
708 

1,288 
883 

4,317 

Pounds 

Percent 
37 

39 

TC-1-   -- 

36 
38 

8,500 

35 

38 

3,900 

32 

34 

37 

TC-3 

8,800 

34 
32 

35 

5,550 
5,900 

29 

30 

TM-I 

35 
29 

7,100 

2,500 

28 

TM-2                                                           

32 

8,900 

26 

TR-1                                  

30 

4, 46  0 

28 

TR-2                                         

2S 

4,375 
4,  200 

27 

22 

5,800 
3,650 

17 

'I'll    1                      

2,600 

16 

13 

TP-I 

3,750 
4,325 
3,900 
2,200 
4,975 

TP-2.. 

TP-4 

11 

TP-6 



9 
22 

49 

7,200 

20 

'  Residue  from  A.  S.  T.  M.  D  402-34  T  distillation  test. 


show,  however,  that  for  equal  penetrations  the  water- 
gas  tar  residues  generally  gave  higher  stabilities  than 
the  residues  from  coal  tars  or  coal-tar  blends. 

The  Hubbard-Field  stability  values  for  the  series  2 
cylinders  are  shown  in  figure  15,  along  with  the  per- 
centages of  volatile  matter  lost  under  test  conditions. 
Although  in  the  cylinders  made  with  the  original 
materials  the  loss  of  volatile  matter  after  exposure  was 
very  close  to  the  loss  in  the  distillation  test,  the  sta- 
bilities of  the  cylinders  exposed  for  15  weeks  were  much 
greater  than  the  stabilities  of  the  cylinders  prepared 
with  the  distillation  residues.  This  shows  that  changes 
other  than  loss  of  volatile  matter  have  produced  a 
condition  in  the  mixture  that  results  in  a  greater  bond- 
ing strength,  just  as  greater  hardening  and  internal 
alterations  in  the  exposed  films  tended  to  produce 
residues  dissimilar  to  those  developed  in  the  laboratory 
distillation  tests. 

The  loss  of  volatile  matter  for  the  cylinders  exposed 
for  10  weeks  is  not  shown  in  figure  15  since  it  closely 
approximated  the  loss  at  15  weeks.  But  figure  15 
shows  that  in  the  cylinders  of  many  materials  there 
were  increases  in  stability  from  10  to  15  weeks  that 
may  be  attributed  to  additional  hardening  or  change 
in  the  contained  tar  residue  without  corresponding  loss 
of  volatile  matter. 

W.  E.  Cone  has  stated  16  that:  "The  ease  and  facility 
with  which  tar  wets  a  particular  surface  and  retains 
the  full  value  of  its  adhesive  properties  while  being 
gradually  changed  to  a  solid  is  one  of  its  most  striking 
characteristics." 


16  The  Qualities  of  Tars  for  Use  in  Roads  and  Streets.     Canadian  Engineer,  vol. 
67,  no.  4.  July.24,  1934. 


While  testing  exposed  cylinders  that  initially  con- 
tained liquid  asphaltic  material  even  of  the  rapid- 
curing  type,  it  was  observed  that  while  a  hardened 
crust  formed,  which  in  some  cases  was  very  thick, 
the  mixture  in  the  center  of  the  test  specimens  was 
plastic  after  15  weeks  of  exposure.  The  exposed 
cylinders  containing  these  tar  products,  in  many  cases 
after  5  weeks  of  exposure  and  in  all  cases  after  15 
weeks,  appeared  to  be  uniformly  hard  and  solid  through- 
out the  entire  mass,  indicating  that  ultimate  hardening 
of  the  contained  tar  is  not  materially  retarded  by  the 
formation  of  a  surface  crust. 

Some  idea  of  the  rapid  development  of  binding 
strength  in  the  exposed  tar  cylinders  may  be  obtained 
by  comparing  the  stabilities  obtained  for  the  tar  mix- 
tures with  the  stabilities  obtained  on  similar  cylinders 
made  with  slow-  and  rapid-curing  liquid  asphaltic 
materials  and  exposed  at  the  same  time.  Cylinders 
made  with  23  slow-curing  liquid  asphaltic  materials 
that  had  initial  stabilities  of  from  25  to  175  pounds,  had 
developed  stabilities  at  the  end  of  15  weeks  of  from  300 
to  3,075  pounds.  Cylinders  made  with  six  medium- 
and  rapid-curing  liquid  asphaltic  materials  had  initial 
stabilities  of  from  25  to  275  pounds  and  developed 
stabilities  ranging  from  1,650  to  5,200  pounds  at  the 
end  of  15  weeks. 

At  the  end  of  5  weeks  the  cylinders  containing  the 
TC,  TM,  and  TR  tars  had  developed  stabilities  ranging 
from  3,600  pounds  to  more  than  10,000  pounds  at  the 
test  temperature  of  25°  C,  which  was  also  the  control 
temperature  of  the  tests  on  the  cylinders  containing 
the  asphaltic  materials.  For  these  cold-application 
materials,  only  cylinders  containing  tars  8,  11,  and  14 
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had  lower  stabilities  after  5  weeks  of  exposure  than  the 
maximum  value  obtained  on  the  asphaltic  materials  for 
15  weeks  of  exposure.  At  the  end  of  15  weeks,  the 
cylinders  containing  the  cold  grades  of  tar  had  developed 
stabilities  ranging  from  a  minimum  of  1,975  to  a  maxi- 
mum of  8,150  pounds  at  60°  C,  the  minimum  stability 
being  many  times  greater  than  the  maximum  developed 
with  the  asphaltic  materials.  These  data  seem  to 
substantiate  the  fact  that  tar  products  in  service  harden 
more  rapidly  and  ultimately  produce  harder  and  less 
plastic  road  mixtures  than  do  asphaltic  materials. 

CONCLUSIONS 

The  data  obtained  on  these  tar  products  when  sub- 
mitted to  laboratory  tests  and  when  subjected  to 
exposure  conditions  justify  the  following  conclusions. 

1.  The  road  tars  submitted  by  the  five  producers 
were,  with  few  exceptions,  well  within  the  limits  of  the 
various  grades  of  materials  meeting  the  Federal 
specifications. 

2.  The  Saybolt-Furol  viscosimeter  is  well  adapted  to 
the  determination  of  the  consistency  of  fluid  tars. 

3.  The  vapor  end  point  of  300°  C.  (572°  F.)  as  re- 
quired by  distillation  method  A.  S.  T.  M.  D  20-30  is 
approximately  equivalent  to  a  liquid  end  point  of 
360°  C.  (680°  F.)  as  required  by  distillation  method 
A.  S.  T.  M.  D  402-34  T.  However,  the  control  of 
intermediate  cutting  points  by  the  temperature  of  the 
liquid  residue  may  result  in  fractions  with  widely 
different  boiling  points  so  that  the  character  of  the 
distillates  from  various  materials  cannot  be  accurately 
determined. 

4.  The  greatest  difference  in  results  obtained  by  the 
two  distillation  methods  is  caused  by  the  different 
methods  of  pouring  the  residues.  A.  S.  T.  M.  method 
D  402-34  T  results  in  residues  that  have  undergone  a 
greater  loss  of  volatile  matter  and  are  correspondingly 
harder  as  measured  by  the  softening  point  and  penetra- 
tion tests. 


5.  The  residues  from  distillation  generally  have  good 
ductility  at  25°  C,  but  this  ductility  is  rapidly  lost 
when  the  temperature  of  test  is  reduced. 

6.  When  thin  films  of  these  tars  were  subjected  to  the 
exposure  conditions  of  this  investigation  it  was  indicated 
that: 

(a)  The  ultimate  loss  on  exposure  approximates  the 
total  loss  of  volatile  matter  in  the  A.  S.  T.  M.  D  20-30 
distillation  test. 

(b)  The  greater  hardness  of  the  residues  from  expo- 
sure as  compared  with  the  hardness  of  the  distillation 
residues  results  from  causes  other  than  the  mere  loss  of 
volatile  matter. 

(c)  The  increased  hardness  of  the  exposure  residues 
was  accompanied  by  an  increase  in  free  carbon  content 
much  greater  than  the  amount  that  was  caused  by  con- 
centration, this  being  attributed  to  oxidation,  car- 
bonization, or  both. 

(rf)  The  test  data  indicate  that  in  general  the  index 
of  increase  of  free  carbon  in  the  residues  from  exposure 
is  higher  for  those  tars  having  initially  low  free  carbon 
contents. 

7.  While  the  initial  stability  or  binding  value  of  the 
sand  mixtures  containing  the  more  fluid  tars  is  relatively 
low,  it  is  roughly  proportional  to  the  consistency  of  the 
tar  used. 

8.  The  bonding  strengths  of  the  distillation  residues 
are  more  nearly  proportional  to  their  softening  point 
values  than  to  their  penetrations. 

9.  The  development  of  stability  or  bonding  strength 
in  the  tar  and  sand  mixtures  proceeded  rapidly  under 
the  exposure  conditions  of  this  investigation,  producing 
stability  values  much  higher  than  could  be  obtained  by 
mere  loss  of  volatile  matter  and  developing  specimens 
which,  when  broken,  gave  no  evidence  of  retaining 
plastic  properties. 

10.  The  amount  of  volatile  matter  and  the  consist- 
ency of  the  residues  from  the  laboratory  distillation 
test,  together  with  the  behavior  of  these  materials  in 
thin  films  and  in  molded  specimens,  indicate  that  road 
tars  are  rapid-hardening  types  of  bituminous  materials. 
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PRESERVE  BENCH  MARKS  FOR  FUTURE  USE 

By  HOWARD  S.  RAPPLEYE,  Chief,  Section  of  Leveling,  United  States  Coast  and  Geodetic  Survey 


IN  THE  extension  of  its  system  of  control  surveys  over 
the  United  States,  the  Coast  and  Geodetic  Survey 
lias  run  many  hundreds  of  lines  of  levels,  of  first-  or 
second-order  accuracy,  which  now  form  a  great  net  over 
the  entire  country  with  the  lines  spaced,  except  in  some 
of  the  more  inaccessible  regions  in  the  West,  at  inter- 
vals of  about  25  miles.  Bench  marks  are  spaced  along 
these  lines  at  intervals  of  from  1  mile  or  less  to  a 
maximum  distance  of  3  to  5  miles. 

These  bench  marks  and  their  published  descriptions 
mid  elevations  represent  a  vast  outlay  for  field  work, 
computation,  and  adjustment.  In  order  that  the  re- 
sults of  this  work  may  be  useful  to  all  engineers  through- 
out the  Nation  the  marks  must  remain  in  place  un- 
disturbed or  be  relocated  in  such  a  manner  as  to 
preserve  their  usefulness. 

In  spite  of  the  extreme  care  exercised  by  the  field 
parties,  in  placing  bench  marks  where  they  are  likely 
to  remain  undisturbed  for  a  long  time,  it  sometimes 
becomes  necessary  to  destroy  them  to  make  way  for 
construction,  repair,  or  maintenance  work  of  various 
kinds.  A  bench  mark  once  disturbed,  without  trans- 
fering  its  elevations  to.  some  other  mark  which  is  set  to 
preserve  it,  is  a  total  loss  and  leaves  a  gap  in  the  line 
of  levels  which  requires  extra  running  for  all  engineers 
who  may  be  called  on  to  do  leveling  in  the  locality  at 
any  future  time. 

It  is  to  the  interests  of  all  concerned  to  relocate 
bench  marks  which  are  in  the  way  of  construction 
rather  than  to  allow  them  to  be  completely  destroyed. 
The  Coast  and  Geodetic  Survey  does  not  have  funds 
available  for  placing  parties  in  the  field  to  go  about 
and  relocate  bench  marks  which  must  be  moved  to 
avoid  their  destruction.  On  the  other  hand,  since  the 
marks  are  chiefly  useful  to  practicing  engineers,  whether 
public  or  private,  we  look  to  all  engineers  throughout 
the  country  for  cooperation  in  preserving  these  useful 
marks  in  their  own  interests  as  well  as  in  the  interests 
of  their  government. 

A  routine  method  of  handling  cases  of  this  sort  has 
been  worked  out  and  if  followed  out,  as  outlined  below, 
the  loss  of  bench  marks  and  its  accompanying  incon- 
venience and  loss  to  the  engineers  and  surveyors  of 
this  country  will,  to  a  large  extent,  be  avoided. 

As  soon  as  it  becomes  known  that  a  mark  must  be 
moved,  a  letter  should  be  sent  to  the  Director,  United 


States  Coast  and  Geodetic  Survey,  Washington,  D.  C, 
attention  Section  of  Leveling,  stating  the  necessity  for 
moving  the  mark  and  giving  its  designation.  The 
designation  consists  of  the  letters  and  numbers  found 
to  have  been  stamped  with  dies  on  the  disk.  It  is 
desirable  to  furnish  a  rubbing  of  the  disk  as  well.  A 
rubbing  can  be  made  by  placing  a  piece  of  medium- 
weight  paper  over  the  disk  and  then  rubbing  over  the 
paper  with  a  hard  pencil  to  bring  out  the  legend  cast 
in  the  disk,  especially  the  letters  and  numbers  stamped 
on  it  with  dies. 

Upon  receipt  of  this  information,  this  office  will  send 
out  a  new  disk  properly  stamped  to  show  that  it  has 
been  reset.  Necessary  instructions  for  the  establish- 
ment of  the  new  mark  and  the  transfer  of  elevation 
will  also  be  sent.  The  proper  procedure,  in  most 
cases,  is  to  establish  the  new  mark  in  a  safe  place 
nearby  and  transfer  the  elevation  from  the  old  mark 
to  the  new  one  by  means  of  an  engineer's  level  and  rod. 
The  levels  should  be  run  in  duplicate  to  avoid  the 
possibility  of  large  errors,  and  all  readings  should  be 
made  to  three  decimal  places  in  order  to  preserve  the 
accuracy  of  the  original  elevation. 

The  old  mark  should  not  be  disturbed  until  the  ob- 
servations involved  in  the  transfer  have  been  checked 
by  the  observer  or  the  recorder.  An  assumed  elevation 
for  the  old  mark  may  be  used  in  the  transfer,  since 
what  we  are  primarily  concerned  with  in  a  case  of  this 
sort  is  the  difference  in  elevation  between  the  old  mark 
and  the  new  one  established  to  replace  it. 

After  the  new  mark  has  been  established  and  the 
elevation  transferred  to  it,  the  old  disk  should  be 
broken  out  and  returned  to  this  office  in  a  franked 
mailing  sack  which  will  be  supplied  for  the  purpose. 
A  complete  report  on  the  action  taken,  including  a 
description  of  the  location  in  which  the  new  mark  is 
established  and  a  copy  of  the  field  notes  involved  in 
the  transfer  of  elevation,  should  also  be  forwarded  to 
this  office;  a  franked  envelope  will  be  furnished  for 
this  purpose. 

The  cooperation  which  individuals  and  organizations 
may  extend  to  this  office  in  preserving  the  benchmarks 
will  be  a  service  not  only  to  this  bureau  and  other 
government  surveying  organizations  but  to  anyone 
who  may  have  occasion  to  use  the  marks. 
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DIGEST  OF  REPORT  ON  ARKANSAS 
TRAFFIC  SURVEY 

BY  THE  DIVISION  OF  HIGHWAY  TRANSPORT,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  L.  E.  PEABODY,  Senior  Highway  Economist 


THE  Arkansas  traffic  survey  was  conducted  under  a 
cooperative  research  agreement  between  the  Bureau 
of  Public  Roads  and  the  Arkansas  State  Highway 
commission  during  the  period  from  April  1934  to  June 
935. 

The  survey  was  undertaken  to  obtain  essential  facts 
egarding  the  amount,  type,  and  distribution  of  traffic, 
o  be  used  as  a  basis  for  planning  highway  development 
o  serve  present  and  future  traffic.  Included  in  the 
ull  report,1  which  has  been  published  by  the  State  of 
Arkansas,  is  a  detailed  study  of  the  origin  and  destina- 
ion  of  vehicles;  a  brief  summary  of  facts  regarding  the 
movement  of  passenger  cars  and  busses;  an  extended 
,nalysis  of  truck  and  bus  transportation  at  several 
ocations  throughout  the  State;  and  a  discussion  of 
ourist  traffic  in  Arkansas,  including  the  purposes  of 
risiting  Arkansas,  the  type  of  accommodations  used, 
he  number  of  persons  carried,  and  the  average  length 
if  visit. 

Owing  to  the  relative  traffic  importance  of  the  several 
ystems  of  highways,  the  following  brief  description  of 
heir  character  and  functions  is  given: 

State  highway  system. — Those  roads  legally  designated 
is  under  the  complete  jurisdiction  of  the  State  highway 
:ommission. 

Federal-aid  system. — Trunk-line  highways  and  high- 
ways connecting  county  seats  upon  which  the  expendi- 
nre  of  Federal-aid  funds  is  concentrated,  comprising 
tbout  7  percent  of  the  total  road  mileage.2 

U.  S.  system.—  Numbered  and  marked  highways 
orming  an  interconnected  system  of  through  routes  and 
listinguished  by  the  United  States  shield  marking, 
rhese  highways  have  no  special  legal  status  and  receive 
10  special  funds  by  reason  of  being  designated  U.  S. 
lighways. 

Forest  highway  system. — Highways  under  the  juris- 
liction  of  the  Forest  Service  (within  or  appurtenant  to 
he  national  forests). 

The  traffic  survey  covered  over  8,000  miles  of  road, 
ill  of  which  were  on  the  State  highway  system.  This 
:overage,  amounting  to  91  percent  of  the  State  highway 
ystem,  included  most  U.  S.  highways  and  a  large 
)ortion  of  Federal-aid  and  Forest  highways  as  shown 
n  table  1. 


"able    1. 
terns,  ar 

■ — Mileage  of  roads  included  in  the  various  highway  sys- 
d  mileage  of  each  system,  included  in  the  traffic  survey 

Highway  system 

Total  mile- 
age ' 

Miles  in- 
cluded in 
traffic  sur- 
vey 

Percentage 
of  total  sys- 
tem studied 

tate 

8,822 

5,157 

2,740 

427 

8,043 

5,063 

2,678 

320 

91 

'ederal  aid 

98 

'.  S 

98 

'orest 

75 

1  Exclusive  of  streets  in  cities  of  2,500  or  more  inhabitants. 


1  The  Bureau  of  Public  Roads  does  not  have  copies  of  the  full  report  for  general 
listribution. 

2  Recent  emergency  legislation  has  permitted  the  expenditure  of  special  Federal 
oad  funds  under  certain  conditions  on  roads  other  than  the  Federal-aid  system. 

83049—30 1 


averm;e  traffic  over  all  HIGHWAYS  STUDIED  WAS  363 
VEHICLES  PER  DAY 

Actual  field  operations  of  counting  and  classifying 
traffic  began  on  April  23,  1934,  and  terminated  June  1, 
1935.  In  the  analysis  of  the  field  records  a  24-hour  day 
and  a  1-year  period  were  the  base  units  to  which  all 
data  were  adjusted. 

Data  were  collected  at  266  locations  covering  the 
principal  State  highways.  Most  of  these  were  at  inter- 
secting highways  where  the  field  man  could  record 
traffic  upon  three  or  more  roads  from  one  location. 
The  three  types  of  stations  operated  and  their  number 
were: 

Number 

Key  stations 128 

Blanket  stations i 117 

Special  stations 21 

Total 266 

Key  stations,  frequently  referred  to  as  "regular  count 
stations",  were  situated  at  the  most  strategic  control 
points  and  were  operated  uniformly  at  regular  intervals 
during  the  period  of  the  survey.  Each  operation  cov- 
ered a  10-hour  period  on  a  staggered  schedule  from  6 
a.  m.  to  4  p.  m.  and  from  10  a.  m.  to  8  p.  m.  with  splits 
in  the  count  at  10  a.  m.  and  4  p.  m.  This  permitted  a 
continuation  series  of  the  10  a.  m.  to  4  p.  m.  section 
through  all  operations,  which  were  scheduled  to  provide 
two  counts  for  each  of  the  seven  days  of  the  week  during 
periods  of  operation.  Sufficient  night  counts  from  10 
p.  m.  to  6  a.  m.  were  obtained  to  adjust  all  data  to  a 
24-hour  day. 

Blanket  stations  were  situated  on  the  less  important 
roads  and  were  operated  four  times  during  the  survey. 
Data  from  them  have  been  adjusted  to  a  24-hour  day 
by  correlation  with  the  key  stations. 

Where  the  extent  of  traffic  coverage  was  in  doubt  or 
in  order  to  extend  the  coverage  beyond  a  known  point, 
special  stations  were  set  up  and  operated  simultane- 
ously with  the  nearest  controlling  key  station  for  a 
number  of  days. 

The  average  traffic  over  all  roads  surveyed  was  369 
vehicles  per  day  and  traffic  ranged  from  5,425  vehicles 
per  day  on  U  S  70  between  West  Memphis,  Arkansas 
and  Memphis,  Tenn.,  to  zero  traffic  on  several  unim- 
proved sections  of  road  in  the  northeast  section  of  the 
State.  There  were  three  of  these  sections  having  no 
traffic:  West  of  Rector  on  Ark.  90;  south  of  Tupelo  on 
Ark.  17;  and  south  of  Amagon  on  Ark.  37,  where  the 
road  was  impassable  to  motor-vehicle  traffic  during  all 
operations  of  the  traffic  stations  covering  the  route. 

Figure  1  shows  the  density  of  traffic  of  all  vehicles 
over  all  highways  surveyed.  The  inner  stippled  band 
indicates  the  24-hour  average  daily  traffic  density  and 
the  outer  band  the  maximum  traffic. 

All  recorded  data  were  adjusted,  where  necessary, 
from  supplemental  information  to  develop  daily  average 
traffic  densities  over  a  1-year  period  representative  of 
normal  conditions.     Special  notations  were  made  of 
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Figure  1. — Average  and   Maximum  Daily  Traffic  Density  on  Arkansas  State  Highways. 


trucks  and  other  contractor's  equipment  engaged  on 
highway  construction  and  abnormally  affecting  traffic, 
and  proper  correction  was  made  for  them.  Trucks 
engaged  in  regular  highway  maintenance  work  were 
considered  as  normal  traffic  and  included  with  other 
trucks.  A  number  of  special  movements  were  recorded 
such  as  the  hauling  of  lumber,  oil,  cotton,  and  peaches 
and  other  fruits,  all  of  which  occupy  a  regular  place  in 
commercial  activities  and  are  a  part  of  normal  annual 
traffic. 

Between  El  Dorado  and  Camden,  there  was  consider- 
able local  traffic  created  by  a  large  paper  mill  situated 
south  of  Camden  and  by  numerous  oil  wells  in  the 
vicinity  of  Smackover  and  El  Dorado.  Between  El 
Dorado  and  Smackover,  most  of  the  travel  was  in  the 
nature  of  shuttle  traffic  in  a  restricted  but  highly 
important  oil-producing  area.  El  Dorado  also  has  a 
number  of  important  lumber  mills. 

In  the  vicinity  of  Fayetteville,  all  traffic-flow  bands 
increase  in  width  toward  the  city.  The  city  of  Fayette- 
ville is  the  State's  largest  and  most  important  trading 
center  north   of  Fort   Smith,   has  considerable  local 


development  in  its  environs,  and  is  the  home  of  th 
State  University.  To  the  north  of  Fayetteville,  sa 
Springdale,  are  located  an  important  winery  and  can 
ning  factory,  while  farther  north  there  is  considerabl 
resort  traffic  in  the  region  of  the  Ozark  Mountains.  A] 
of  these  factors  influence  traffic  in  this  section  of  th  i 
State,  especially  on  US  71. 

Particular  mention  is  given  routes  Ark.  44,  49,  aflj 
85  from  Helena  to  Snow  Lake  and  especially  in  tbJi 
vicinity  of  Elaine.  Construction  work  on  dikes  an* 
levees  along  the  Mississippi  River  in  this  area  cause', 
abnormal  traffic  throughout  the  entire  period  of  thi 
survey.  Consequently,  for  this  section  of  the  highwa; 
system  the  traffic  was  unusually  high,  and  because  c': 
the  continuing  nature  of  the  work  no  weighting  of  th  s 
data  was  made. 

MAXIMUM  TRAFFIC  WAS  143  PERCENT  OF  AVERAGE  TRAFFIC 

As  may  be  noted  by  reference  to  figure  1  there  are  J 
number  of  stub  traffic  bands  some  of  which  en  1 
abruptly  for  no  apparent  reason,  and  several  unusud 
ones  are  explained  as  follows: 
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Traffic  on  Ark.  116  south  of  Booneville  was  prin- 
cipally destined  to,  or  returning  from,  the  State  Tuber- 
cular Sanitorium  located  2  miles  south  of  the  city. 
The  continuation  of  Ark.  116  to  its  junction  with 
U  S  71  was  unimproved  and  practically  impassable. 

Included  in  the  surveyed  mileage  was  6.6  miles  of 
Ark.  153  north  of  De  Witt,  serving  a  rice-growing 
district.  Traffic  over  this  highway  was  entirely  farm 
to  market.  The  town  of  De  Witt  is  the  trading  and 
marketing  center  for  a  rich  rural  area  and  all  traffic 
flow  bands  in  the  vicinity  increase  in  width  toward 
the  city. 

Traffic  density  on  Ark.  15  obtained  by  the  survey 
station  at  Warren  was  extended  south  to  Hermitage. 
It  is  likely  that  traffic  diminishes  somewhat  near 
Hermitage,  but  the  amount  could  not  be  obtained  from 
survey  data.  The  section  of  Ark.  1 5  south  of  Hermitage 
was  not  studied. 

The  portion  of  Ark.  1  between  St.  Charles  and  Indian 
Bay,  a  distance  of  6  miles,  was  impassable  during  a 
considerable  period  of  the  year.  Improvement  of  this 
section  would  allow  traffic  from  the  area  around  the 
confluence  of  the  White  and  Arkansas  Rivers  to  reach 
Helena,  where  water  terminal  facilities  exist. 

Trucks  were  classified  at  all  counting  stations  by 
type  of  equipment  as  single-  or  dual-unit  loading. 
The  single-unit  group  includes  trucks,  tractor  trucks, 
and  similar  vehicles  in  which  the  load  carried  is  one 
unit,  whether  supported  entirely  by  the  truck  or  with 
the  aid  of  accessory  wheels.  The  proportions  of  single- 
and  dual-unit  trucks  were  as  follows: 

Percent 

Trucks,  including  tractor  trucks 85.  5 

Trucks  with  trailers  or  semitrailers  (2  or  more  units) 14.  5 

All  trucks 100.  0 

Single-unit  trucks  were  recorded  according  to  rated 
capacity  and  tabulated  in  three  capacity  groups — Under 
2  tons,  from  2  to  5  tons,  and  5  tons  and  over.  More 
than  91  percent  of  these  trucks  were  under  2  tons 
capacity,  while  but  0.1  percent  were  of  5  tons  capacity 
or  over,  as  shown  by  the  following: 

Percent 

Under  2  tons 91.3 

From  2  to  5  tons 8.  6 

5  tons  and  over .  1 

All  single-unit  trucks 100.  0 

Vehicles  of  foreign  registration  accounted  for  18.7 
percent  of  the  traffic  recorded  at  all  stations,  while  the 
importance  of  interstate  travel  is  illustrated  by  the 
fact  that  foreign  vehicles  at  42  border  stations  amounted 
to  40.6  percent  of  the  total  traffic. 

The  maximum  traffic  is  the  average  peak  load 
occurring  a  number  of  times  during  the  year.  It 
should  not  be  confused  with  the  absolute  maximum 
traffic  peak  occurring  but  once  a  year.  In  general,  the 
figures  used  refer  to  average  maximum  traffic  con- 
ditions occurring  on  week-end  periods  during  the 
summer. 

For  all  highways  studied,  the  maximum  traffic  was 
143  percent  of  the  average  traffic.  For  17  sections  of 
highways,  the  maximum  traffic  was  over  200  percent 
of  the  average  traffic.  An  important  characteristic  of 
maximum  traffic  is  its  relation  to  the  average  daily 
traffic  density;  as  the  traffic  density  increases,  the 
maximum  traffic  becomes  a  smaller  percentage  of  the 
average  traffic.  This  is  illustrated  in  the  following 
tabulation: 


Average  daily  traffic  (all 
vehicles) 


0-  99 
100-249 
250-499 

500-999 


Percentage 
that  maxi- 
mum traf- 
fic is  of 
average 
traffic 


180 
153 
149 
144 


Average  daily  traffic  (all 
vehicles) 


1,000-1,499 

1,500-2,499.. __ 
2,500  and  over 


Percentage 
that  maxi- 
mum traf- 
fic is  of 
average 
traffic 


139 
131 
130 


The  utility  and  earning  value  of  a  highway  are 
measured  in  units  of  travel — vehicle-miles.  This  term 
is  defined  as  the  movement  of  one  motor  vehicle  a 
distance  of  1  mile,  and  the  total  travel  is  the  product 
of  the  average  traffic  over  a  particular  section  and 
the  mileage  of  the  section. 

For  the  State  as  a  whole  there  were  2,970,000  vehicle- 
miles  of  travel  daily,  and  the  average  traffic  over  all 
roads  was  369  vehicles  per  day.  Highways  in  Missis- 
sippi County  had  the  most  travel,  and  included  127 
miles  of  highway  with  an  average  traffic  of  1,184 
vehicles  per  day.  All  mileages  are  from  the  official  map 
of  the  State  Highway  Commission  as  of  January  15, 
1935,  which  shows  all  State  highway  mileage  by  type 
of  surface  exclusive  of  streets  in  cities  of  2,500  or  more 
inhabitants.  Traffic  count  data  likewise  excluded 
traffic  in  cities  of  2,500  or  more  inhabitants. 

One-third  of  the  total  of  75  counties  had  nearly  60 
percent  of  the  total  travel,  as  may  be  seen  in  the  follow- 
ing distribution  of  counties  based  on  vehicle-mile 
determinations: 

Percentage  of 
total  travel 

Highest  3  counties 14.  1 

Highest  10  counties 32.  9 

Highest  25  counties 58.  9 

Lowest  10  counties.. 4.  1 

HIGH-TVPE  ROADS  CARRIED  GREATEST  TRAFFIC 

The  traffic  data  were  further  segregated  and  grouped 
by  types  ot  road  surfacing  and  are  summarized  in 
table  2. 


Table  2- 

-Mileage 
of  road 

of  State  highways  st 
surfacing  and  average 

udied,  classified  by  type 
daily  traffic 

Type 

Mileage  of 
each  type 

Average 
daily 
traffic 

Concrete 

1,023 
559 
410 

5,167 
561 
323 

1,001 

Asphalt 

780 

Retread _ 

439 

Gravel ._ 

241 

Graded 

109 

Unimproved ___           _____  

78 

Total— 

8,043 

369 

All  of  the  mileage  studied  in  15  counties  had  gravel 
or  lower  type  of  surface.  Average  traffic  in  these 
counties  ranged  from  84  vehicles  per  day  in  Marion 
County  to  347  vehicles  per  day  in  Sevier  County. 
In  Sevier  County  the  traffic  was  generally  uniform, 
with  the  highest  section  averaging  523  vehicles  per  day 
on  U  S  71  between  De  Queen  and  Lockesburg.  Com- 
pared to  the  averages  for  the  entire  State,  this  section 
had  traffic  equivalent  to  that  for  either  the  retread  or 
asphalt  group.  Saline  County  bad  8.3  miles  of  gravel 
roads  carrying  an  average  traffic  of  751  vehicles  per  day, 
and  Mississippi  County  had  28.1  miles  with  an  average 
traffic  of  520  vehicles  per  day.  These  figures  are 
comparable  with  the  State  average  traffic  for  retread 
and  asphalt  surfacing. 
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Figure  2.- — Surface  Widths  of  Arkansas  State  Highways  Covered  by  the  Traffic  Survey. 


Crittenden  County  showed  the  highest  average 
traffic  for  roads  with  concrete  surfaces — 2,538  vehicles 
per  day.  Woodruff  County  had  the  lowest  average 
traffic,  or  245  vehicles  per  day,  on  its  4.1  miles  of 
concrete  road.  Columbia,  Lawrence,  and  Lincoln 
Counties  were  next  in  order  with  average  traffic  of 
327,  356,  and  397  vehicles  per  da}r,  respectively,  over 
an  aggregate  length  of  41.9  miles. 

Mississippi  County  had  the  highest  average  traffic 
for  asphalt  surfaced  highways — 1,749  vehicles  over 
61. 6  miles  of  asphalt  surfaced  road.  Perry  County 
was  low  with  an  average  traffic  of  132  vehicles  per  day, 
and  Conway  County  was  next  with  218  vehicles  per 
day. 

Asphalt  and  concrete  surfaced  highways  of  suitable 
width  and  thickness  are  high- type  roads,  capable  of 
meeting  present-day  traffic  requirements.  In  Arkansas, 
these  two  types  were  found  upon  1,582  miles  of 
surveyed  roads,  or  20  percent  of  the  total.  Average 
traffic  for  this  mileage  amounted  to  923  vehicles  per 
day. 


Retread  surfaces  are  an  intermediate  or  betterment 
stage  of  construction,  while  gravel  roads  are  usually 
classified  as  low  type,  although  their  condition  and 
riding  qualities  may  be  as  good  or  better  than  some 
higher  type  surfaces. 

The  traffic  survey  covered  410  miles  of  retread 
surfacing  over  which  traffic  ranged  from  a  high  of  856 
vehicles  per  day  in  Pope  County  to  a  low  of  207  vehi- 
cles per  day  in  Pike  County.  There  were  no  counties 
that  showed  traffic  on  their  retread  mileage  comparable 
with  the  average  traffic  over  high-type  roads  of  approx- 
imately 920  vehicles  per  day.  But  one  county,  Pope, 
had  traffic  on  its  retread  mileage  exceeding  the  State 
average  of  780  vehicles  per  day  for  asphalt. 

Similarly,  comparing  the  gravel  surfacing  group  with 
the  retread  surfacing  group,  Mississippi  and  Saline 
Counties  showed  traffic  on  their  36.4  miles  of  gravel 
roads  in  excess  of  the  State  average  for  retread. 

A  total  of  884  miles  of  graded  and  unimproved  roads 
was  covered  by  the  survey,  comprising  11  percent  of 
the  total  surveyed  mileage.     Average  traffic  over  these 
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Figure  3. — Classification  of  State  Highways  by  Volume  of  Traffic  Carried. 


roads  amounted  to  97  vehicles  per  day.  Graded  roads 
are  distinguished  from  unimproved  roads  principally 
by  drainage  conditions,  for  the  surfaces  of  each  are 
composed  of  natural  or  filled  earth  and  consequently 
are  usually  dusty  in  dry  weather  and  slippery  in  wet 
weather.  Gravel  surfacing  is  the  next  higher  stage  of 
construction,  when  required  by  traffic  or  to  make  the 
road  an  all-weather  highway.  Three  counties  showed 
average  traffic  on  their  graded  and  unimproved  roads 
greater  than  the  average  for  gravel  in  the  State  as  a 
whole.  These  counties  were:  Benton,  with  10.8  miles 
of  graded  road  carrying  387  vehicles  per  day:  Garland, 
with  24.9  miles  of  graded  road  carrying  252  vehicles 
per  day;  and  Phillips,  with  7  miles  of  unimproved  road 
carrying  388  vehicles  per  day. 

Seven  different  surface  widths  were  reported  on 
Arkansas  State  highway  routes  as  shown  in  table  3. 
Figure  2  shows  the  present  surface  width  to  scale, 
together  with  a  symbol  indicating  the  additional  width 
necessary  to  bring  the  present  pavement  width  up  to 
20  feet. 


EIGHTY  PERCENT  OF  ALL  HIGHWAYS  STUDIED  CARRIED  LESS    THAN 
500  VEHICLES  PER  DAY 

Highways  in  Arkansas  have  also  been  classified  in 
this  report  according  to  the  amount  of  traffic  carried. 
These  classifications  are:  Major,  medium,  and  minor. 

Figure  3  shows  the  highways  covered  in  the  survey 
that  carried  1,500  or  more  vehicles  per  day  (major 
classification);  those  that  carried  500  to  1,499  vehicles 
per  day  (medium  classification);  and  those  that  carried 
under  500  vehicles  per  day  (minor  classification).  The 
surveyed  mileage  on  U.  S.  and  State  routes  is  sum- 
marized according  to  the  above  classifications  in  table  4. 

There  were  some  sections  of  Arkansas  routes  17,  37, 
and  90  classified  as  unimproved  that  were  reported  as 
impassable  on  the  days  when  traffic  was  counted  at 
these  points.  These  sections  are  indicated  by  a  special 
symbol  in  figure  3.  This  figure  also  shows  that  a  large 
mileage  of  Arkansas  highways  was  in  the  minor  classi- 
fication. 

Generally  roads  of  major  and  medium  classifications 
were  main  routes  crossing  Arkansas,  more  particularly 
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U  S  61,  routes  from  Memphis  to  Texarkana  via  Little 
Rock,  and  routes  from  Eudora  to  Fort  Smith  via  Little 
Rock.  Ark.  7  between  Camden  and  El  Dorado  was  of 
major  classification.  This  is  the  only  mileage  with 
major  classification  not  on  the  U.  S.  system.  All  of 
U  S  7 1  between  the  Missouri  Line  and  Fort  Smith  was 
of  major  or  medium  classification.  U  S  61  was  the 
only  route  in  Arkansas  that  was  of  major  classification 
for  its  entire  length. 

Table  3. — Surface   widths   of  Arkansas   State   highways   covered 
by  the  traffic  survey 


Surface  width  (feet) 

Miles  of 
highway 

Percentage 
of  total 

Over  26 _ 

585 

•  5, 143 

244 

1,343 

2  354 

353 

21 

7.3 

26 

63.9 

20 

3.0 

18 

16.7 

16 

4.4 

14 

4.4 

9  (half  width) 

.3 

Total 

8,043 

100.0 

1  Includes  4.5  miles  that  may  be  more  or  less  than  26  feet. 

'  Includes  11  miles  reported  as  impassable  during  survey  counts. 

Table  4. — Classification    of    Arkansas    State    highway    mileage 
covered  by  traffic  survey 


Classification 


Major 

Medium .. . 
Minor 

Total 


Mileage 


234 
1,336 
6,473 


8,043 


Percentage 
of  total 


2.9 
16.6 
80.5 


100.0 


There  were  long  routes  in  Arkansas  that  had  all  or 
practically  all  of  their  mileage  in  the  minor  classifica- 
tion. This  is  true  of  U  S  62,  which  is  344  miles  in 
length  including  overlaps  on  other  U  S  routes.  There 
were  294  miles  on  this  route  with  a  traffic  density  of 
less  than  500  vehicles  per  day.  U  S  routes  79,  82,  165, 
167,  and  270  had  most  of  their  mileage  in  the  minor 
classification. 

Most  of  the  mileage  on  State  routes  was  of  minor 
traffic  classification.  All  of  the  2.38  miles  on  Ark. 
9  and  217  miles  on  Ark.  14  were  of  minor  classification. 
About  206  miles  of  the  major  classification,  or  88  percent 
were  located  on  U.  S.  routes. 

Traffic  on  a  few  sections  that  are  reported  to  be  of 
medium  or  minor  classification  may  have  had  a  traffic 
density  of  a  higher  classification  at  one  end  of  the  sec- 
tion, but  the  average  traffic  for  the  whole  section  was 
such  as  to  place  the  particular  mileage  in  the  lower 
classification.  An  example  is  Ark.  45,  which  was  of 
medium  traffic  classification  at  Fayetteville  but  of 
minor  classification  at  the  junction  with  Ark.  68. 

ONE-FOIRTH  OF  STATE  HIGHWAY  MILEAGE  CARRIED  NEARLY  ONE- 
HALF  OF  THE  TOTAL  TRAFFIC 

In  each  highway  system  there  are  concentrations  of 
motor-vehicle  traffic  on  certain  roads  generally  referred 
to  as  trunkline  highways,  and  as  a  result  of  the  con- 
centration of  traffic  a  few  routes  stand  out  as  the  prin- 
cipal lanes  of  travel  (fig.  4). 

The  most  heavily  traveled  route  through  Arkansas 
extends  from  the  Mississippi  River  bridge  near  Mem- 
phis, Tennessee,  to  Little  Rock  via  U  S  70  and  thence 
via  (J  S  07  to  Texarkana.  From  the  Mississippi  River 
to  Little  Rock  traffic  averaged  1,725  vehicles  per  day, 


of  which  39  percent  was  foreign.  From  Little  Rock  to 
Texarkana  traffic  averaged  1,137  vehicles  per  day,  of 
which  36  percent  was  foreign.  On  this  section  at 
Benton  there  was  a  considerable  change  in  density 
owing  to  the  use  of  U  S  70  by  traffic  going  to  Hot 
Springs  National  Park.  The  greatest  traffic  density 
along  the  route  was  recorded  between  West  Memphis 
and  Memphis — -5,425  vehicles  per  day;  and  the  lowest 
traffic  density  on  this  route  was  southwest  of  Malvern — 
752  vehicles  per  day. 

The  most  heavily  traveled  intrastate  route  was  U  S 
61  from  the  Missouri  State  line  near  Blytheville  to 
West  Memphis,  over  which  traffic  averaged  1,949 
vehicles  per  day.  The  section  on  this  route  having  the 
least  traffic,  north  from  Blytheville  to  the  State  line, 
had  1,452  vehicles  per  day.  This  is  an  especially  heavy 
trucking  route,  averaging  419  trucks  per  day  or  nearly 
twice  that  of  any  other  through  route. 

The  principal  highway  connecting  the  two  largest 
cities  in  Arkansas — Little  Rock  with  a  population  of 
81,679  and  Fort  Smith  with  31,429 — -is  the  combina- 
tion of  U  S  64  and  U  S  65  via  Conway,  Russell ville, 
and  Clarks ville.  All  of  this  route  has  high-type  sur- 
facing, and  over  its  151  miles  of  length  traffic  averaged 
1,106  vehicles  per  day.  Between  Russellville  and  Fort 
Smith,  vehicles  can  use  an  alternate  route — Ark.  22 
with  a  portion  of  Ark.  7  and  27  via  Dardanelle  and 
Paris.  This  parallel  highway  is  likewise  of  high-type 
surfacing  with  the  exception  of  3.3  miles  between 
Russellville  and  Dardanelle.  Traffic  over  this  alter- 
nate route  averaged  805  vehicles  per  day. 

Little  Rock  is  the  commercial  center  of  the  State 
and  the  majority  of  the  principal  highways  connect 
with  this  centrally  located  city  like  the  spokes  of  a 
wheel.  Also  between  Fort  Smith  and  Rogers  are  con- 
centrations of  population  which,  combined  with  the 
interstate  importance  of  route  US  71,  gave  roads  in 
the  northwest  area  considerable  traffic.  Traffic  on 
US  71  averaged  1,109  vehicles  per  day  between  the 
Missouri  State  line  and  Alma  (junction  of  U  S  71  and 
U  S  64).  The  total  traffic  on  this  highway  was  prac- 
tically equal  to  that  on  U  S  64  and  U  S  65  between 
Little  Rock  and  Fort  Smith. 

U  S  70  from  Benton  west  to  the  Oklahoma  State 
line  showed  unusual  variations  in  average  traffic  flow 
that  were  especially  noticeable  on  the  section  between 
Benton  and  Hot  Springs.  This  section  carried  an 
average  traffic  of  985  vehicles  per  day,  while  west  of 
Hot  Springs  to  the  State  line  the  traffic  was  281  vehicles 
per  day.  The  city  of  Hot  Springs  and  Hot  Springs 
National  Park  receive  most  of  their  traffic  from  the 
north  and  east. 

The  length  of  all  routes  illustrated  in  figure  4  totals 
2,019  miles,  or  25.1  percent  of  all  roads  covered  by 
this  survey.  Their  classification  by  traffic  density 
groups  is  shown  in  table  5. 


Table   5.- 


-Classification    of  -principal   through  routes   shown   in 
figure  2  by  density  of  traffic 


Vehicles  per  day 

Selected 
through 
routes 

Percentage 
of  total 

Under  250    

Miles 
190 
732 
897 
200 

9.4 

250-499                                                                         - 

36.3 

500-1,499 .   

44.4 

Over  1,500-.                                                            -          -     --- 

9.9 

Total -..- 

2,019 

100.0 
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Figure  4. — Principal  Through  Routes  Carrying  the  Largest  Volumes  of  Traffic. 


From  this  table  it  will  be  seen  that  approximately 
0  percent  of  the  through-route  mileage  carried  a  traffic 
i  excess  of  1,500  vehicles  per  day  (major  classifica- 
ion),  and  46  percent  carried  a  traffic  of  500  or  less 
ehicles  per  day  (minor  classification). 

Travel  upon  the  highways  shown  in  figure  4  and 
sted  in  table  5  amounted  to  1,450,000  vehicle-miles 
er  day,  or  nearly  49  percent  of  that  upon  all  roads 
overed  by  this  survey.  Thus,  one-fourth  of  the  State 
ighway  mileage  was  carrying  about  one-half  of  the 
Dtal  traffic. 

Detailed  data  for  a  representative  sample  of  truck, 
us,  and  passenger-car  traffic  were  recorded  at  25  sta- 
ions  in  various  parts  of  the  State.  These  stations 
'ere  numbered  consecutively  from  1  to  25. 

SPECIAL  STUDIES  CONDUCTED  AT  25  STATIONS 

These  25  stations  were  located  on  the  main  thorough- 
ires  of  the  State  and  in  the  vicinity  of  Little  Rock 
nd  other  principal  cities.     Stations  1,  3,  8,  10,  and  19 


were  located  on  U  S  67  which  traverses  the  State  from 
northeast  to  southwest.  Stations  2  and  4  were  on 
U  S  63  and  64,  respectively.  Stations  5  and  7  were  on 
U  S  70  between  Memphis,  Tenn.,  and  Little  Rock. 
Station  6  was  on  U  S  79  between  Memphis  and  Pine 
Bluff.  Station  23  was  near  Fort  Smith  on  Ark.  22, 
which  converges  at  Russellville  with  U  S  64  and  thence 
joins  U  S  65  north  of  Conway.  Stations  9,  12,  13, 
and  14  were  on  U  S  65,  which  crosses  the  State  from 
northwest  to  southeast,  and  stations  11,  15,  and  16 
were  on  U  S  167  which  runs  south  from  Little  Rock  to 
El  Dorado  and  the  Louisiana  border.  Station  17  was 
between  El  Dorado  and  Texarkana  on  US  82,  the 
southernmost  east-west  highway  of  the  State.  Sta- 
tions 25,  24,  22,  21,  20,  and  18  were  on  US  71,  the 
principal  north-south  highway  in  the  western  part  of 
the  State.  In  the  tables  that  show  figures  for  individual 
stations,  the  stations  are  listed  in  the  order  outlined 
above. 
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The  information  relating  to  truck,  bus,  and  passen- 
ger-car traffic  recorded  at  these  25  stations  included 
the  State  of  registration  of  each  vehicle;  its  origin  and 
destination  on  the  current  trip;  the  situs  of  ownership, 
whether  farm  or  city,  the  latter  class  being  subdivided 
into  private  and  company  ownership;  and  the  trip 
classification,  whether  State,  interstate,  or  trans-State. 
Information  was  also  obtained  regarding  the  operation 
of  trucks  and  basses,  whether  privately  operated  or 
operated  as  contract  haulers  or  common  carriers;  and 
the  extent  of  contact  of  trucks  and  busses  with  railroad 
service,  that  is,  whether  they  stopped  or  started  at  a 
railroad  station.  The  nature  of  the  load  carried,  rated 
capacity,  and  gross  axle  and  trailer  loads  of  trucks, 
and  the  number  of  passengers  carried  by  busses  at  the 
time  of  questioning,  were  also  recorded. 

The  difference  between  the  totals  in  the  individual 
tables  results  from  the  fact  that  every  item  of  informa- 
tion was  not  obtained  for  all  vehicles.  Since  the  size 
of  the  samples  used  in  the  tables  varies  slightly,  actual 
numbers  should  be  used  only  in  connection  with  those 
in  the  analysis  in  which  they  occur.  Percentages,  how- 
ever, which  represent  general  relations,  may  be  used 
without  this  restriction. 

Certain  terms  that  are  used  in  the  following  tables 
are  defined  as  follows: 

Trip  classifications:  State — a  trip  on  which  the  ve- 
hicle did  not  cross  the  boundaries  of  Arkansas;  inter- 
state— a  trip  on  which  the  vehicle  had  one  terminus  in 
Arkansas  and  crossed  the  boundaries  of  the  State  en 
route.  In  some  cases  both  the  origin  and  destination 
were  within  the  State.  Trans-State — a  trip  on  which  the 
vehicle  passed  through  Arkansas  en  route  between 
points  in  other  States. 

Classes  of  operation:  Private  operator — a  vehicle  op- 
erated by  its  owner  or  his  employee  in  the  pursuit  of  the 
owner's  private  business,  as  distinguished  from  the  two 
classes  of  commercial  vehicles  engaged  in  hauling  for 
others  for  hue;  contract  hauler — a  vehicle  that  makes 
special  trips  when  and  where  desired,  at  rates  agreed 
upon  by  the  contracting  parties ;  common  carrier — a  ve- 
hicle that  followed  established  routes  between  fixed 
points,  and  operated  on  a  regular  schedule  at  standard 
published  rates. 

Capacities  of  trucks — Manufacturers'  rated  capaci- 
ties are  sometimes  combined  into  the  following  groups: 
Light — 1)4  tons  and  under;  medium — between  l\i  and  3 
tons;  heavy — 3  tons  and  over. 

Nature  of  load  carried:  Manufactured  products — 
wholesale  deliveries,  automobile  parts,  newspapers,  or 
any  other  class  of  manufactured  commodities;  agricul- 
tural products — all  unprocessed  products  of  agriculture, 
including  milk,  livestock,  etc.;  mineral  products  —  coal, 
marble,  oil,  gasoline,  etc. ;  forest  products  —  lumber, 
trees,  shrubs,  etc. ;  household  goods  —  furniture  in 
moving  vans,  etc.,  excluding  new  furniture  which 
belongs  with  manufactured  products;  highway  mate- 
rials— State  highway  trucks,  construction  materials,  etc. 

Definitions  of  vehicle-units:  Trailer — any  trailer  or 
semitrailer  without  distinction  as  to  size  or  type  of  unit ; 
single-unit  trucks — -trucks  of  which  both  engine  and  body 
were  supported  by  a  single  chassis ;  truck-trailer  com- 
b inations — a  motor  unit  to  which  full  or  semitrailer 
units  were  attached. 

Daily  motor  traffic  at  these  25  stations  between  April 
1934  and  June  1935  averaged  26,848  vehicles  per  day, 
of  which  80.2  percent  were  passenger  cars,  18.7  percent 
trucks,  and  1.1  percent  busses.     An  average  of  only 


about  one  truck  per  thousand  was  recorded  as  making 
contact  with  railroad  service,  the  range  among  individ- 
ual stations  being  from  one  to  five  trucks  per  thousand. 
An  average  of  29  busses  per  hundred  recorded  made  con- 
tact with  radroad  service  by  having  one  or  the  other  (or 
both)  of  their  terminals  at  a  railroad  station.  Busses 
making  such  contact  varied  from  2  to  75  percent  of 
those  recorded  at  individual  stations. 

Approximately  three  out  of  four  vehicles  of  all  kinds 
carried  Arkansas  registration  plates.  A  greater  per- 
centage of  trucks  and  busses  than  of  passenger  cars 
carried  such  tags.  A  little  less  than  two  out  of  three 
vehicles  of  all  types  were  owned  by  individuals  living  in 
cities,  one  out  of  four  by  city  companies,  and  one  out  of 
nine  by  farmers.  Six  out  of  10  vehicles  were  engaged  in 
State  traffic,  almost  3  out  of  10  in  interstate  traffic,  and 
about  1  out  of  11  in  trans-State  traffic. 

CLASSIFICATION    OF    LOADS    CARRIED    BY    TRUCKS    DISCUSSED 

The  classification  of  single-unit  trucks  and  of  truck- 
trailer  combinations  according  to  whether  the}*  were 
loaded  or  empty  at  the  time  of  questioning,  and  accord- 
ing to  the  designated  type  of  load  carried,  is  presented 
in  table  6. 

Sixty-one  percent  of  all  trucks  recorded  at  25  stations- 
were  loaded,  and  39  percent  were  empty.  Manufac- 
tured products  comprised  the  loads  of  more  than  one- 
half  of  the  loaded  trucks.  One  out  of  5  of  the  loaded 
trucks  carried  agricultural  products  and  1  out  of  1( 
carried  passengers.  Next  in  importance  as  truck  loads 
were  mineral  and  forest  products,  followed  by  house- 
hold goods,  highway  materials,  and  retail  delivery  ini 
the  order  named. 

Table   6. — Classification   of  single-unit   trucks   and   trucks    vit 
trailers  recorded  at  25  stations,  by  nature  of  load  carried 


Nature  of  load  carried 


Commercial  commodities: 
Manufactured  products- 
Agricultural  products... 
Mineral  products,  oil... 

Forest  products 

Retail  delivery 


Total. 


Other  types  of  load: 

Passengers- 

Household  goods 

Highway  materials- 
Total 


All  types  of  load. 
Empty. 


Grand  total. 


Single-unit 
trucks 


Truck-trailer! 
combinations  i 


8,180 

3,393 

1,264 

724 

90 


13,651 


1,947 
626 
560 


29.1 

12.1 

4.5 

2.6 

.3 


48.6 


2.2 
2.0 


3,133 


16,784 
11,351 


28, 135 


All  trucks       g  g 

g 


2,243 

720 

82 

465 


3,510 


s  c 

p  CO 


39. 

12.8 
1.5 
8.2 


62.2 


1.0 
1.3 
.6 


11.1 


59.7 
40.3 


100.0 


165 


3,675 
1,971 


5,646 


2.9 


65.1 
34.9 


100.0 


=  "2 

<s  P 

O  CO 


10,423 

4,113 

1,346 

1,189 

90 


17. 161 


2,004 
702 
592 


3,298 


30.8 

12.2 

4.0 

3.5 

.3 


50. 


5  9 

2.1 
1.8 


9.8 


60.6 
39.4 


33,781    100.0 


-   -  a 

P  CO  c 

a  a  e 


98  i 

99  1 
100  0 
100  C 


10(  ( 
10(  I 

101  I 


W  I, 


A  greater  percentage  of  truck-trailer  combination 
than  of  single-unit  trucks  carried  manufactured  proi 
ucts,  although  the  actual  number  of  single-unit  trucl 
carrying   this  class  of   commodities  was   almost   foi 
times  as  great  as  that  of  truck-trailer  combination 
About  the  same  percentage  of  each  type  of  true] 
carried  agricultural  products.     A  greater  percentage  i 
single-unit  trucks  carried  mineral  products,  such 
coal,  marble,  oil,  and  gasoline,  while  a  much  great H 
percentage  of  trucks  with  trailers  carried  forest  pro  I 
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ucts.  Only  single-unit  trucks  were  recorded  as  making- 
retail  delivery,  and  there  were  comparatively  few  of 
these.  Since  the  stations  at  which  these  traffic  samples 
were  taken  were  usually  in  the  outskirts  or  entirely 
outside  of  commercial  centers,  the  low  percentage  of 
retail  delivery  trucks  indicates  the  infrequency  of  this 
type  of  transportation  in  outlying  areas  of  Arkansas. 

These  five  groups  of  products  have  been  combined 
into  a  major  group,  called  commercial  commodities, 
as  distinguished  from  other  types  of  loads,  such  as 
passengers,  used  household  goods,  and  State  highway 
trucks.  Almost  49  percent  of  all  single-unit  trucks 
and  more  than  62  percent  of  trucks  with  trailers  were 
carrying  commercial  commodities.  The  corresponding 
percentages  for  all  other  types  of  load  were  about  1 1 
and  3  percent,  respectively. 

The  frequency  distribution  of  busses  carrying  various 
numbers  of  passengers  is  given  in  table  7.  The  average 
number  of  passengers  carried  by  busses  in  each  fre- 
quency group  is  also  shown. 

Table  7. — Classification   of  busses   recorded    at    25    stations,    by 
number  of  passengers  carried 


Number  of  passengers 

Number  of 
busses 

Percentage 
of  total 

196 

564 

494 

325 

252 

166 

124 

61 

35 

16 

18 

8 

8.7 

25.0 

6  to  10 

21.9 

11  to  15 

14.4 

16  to  20 

11.2 

21  to  25           

7.3 

26  to  30 

5.5 

31  to  35 

2.7 

36  to  40 

1.5 

41to45 - 

.7 

46  to  50         

.8 

.3 

Total  

2,  259 

100.0 

Cumula- 
tive per- 

rrnl.'iL',. 


8.7 
33.7 
55.6 
70.0 
81.2 
88.5 
94.0 
96.7 
98.2 
98.9 
99.7 
100.0 


Average 
numl  er  of 
passengers 


0.0 
3.0 

7.8 
13.0 
17.6 
22.8 
28.1 
33.0 
38.3 
44.1 
49.1 
59.4 


11.9 


Among  busses  that  operated  exclusively  within  the 
State,  there  were  about  three  contract-hauler  busses, 
including  hired  school  busses,  chartered  busses,  and 
the  like  to  every  seven  common-carrier  busses.  Com- 
paratively few  contract-hauler  busses  were  found  in 
interstate  or  trans-State  traffic,  more  than  9  out  of  10 
of  these  being  common  carriers. 

More  than  half  of  the  privately  owned  busses  were 
contract  haulers,  but  only  about  4  percent  of  company 
owned  busses  were  engaged  in  this  class  of  operation. 
The  principal  business  of  company  owned  busses  was 
that  of  serving  the  public  as  common  carriers. 

EIGHTY-NINE  PERCENT  OF  ALL  BUSSES  CARRIED  25 
PASSENGERS  OR  LESS 

From  the  average  daily  density  of  truck  traffic  and 
the  average  gross  weight  of  trucks  recorded  at  each  of 
the  25  stations,  the  estimated  total  gross  weight  of 
daily  truck  traffic,  including  both  single-unit  trucks 
and  truck-trailer  combinations,  have  been  derived. 
These  data  are  presented  in  table  8. 

The  average  gross  weight  of  all  single-unit  trucks 
recorded  at  the  25  stations  was  6,270  pounds.  The 
gross  weight  of  loaded  single-unit  trucks  was  7,390 
pounds,  and  that  of  empty  trucks  of  this  type  was 
4,550  pounds.  The  corresponding  average  gross 
weights  of  truck-trailer  combinations  were  15,040 
pounds,  18,320  pounds,  and  8,920  pounds,  respectively. 
Thus,  loaded  trailer  combinations  weighed  about 
two  and  one-half  times  as  much  as  loaded  single-unit 
trucks,  and  empty  trailer  combinations  about  twice  as 
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Table    8. 


-Estimated    total    gross    weight    of   daily    truck    traffic 
recorded  at  25  stations 


Sta- 
tion 
num- 
ber 


Location  of  station 


US 
U  S 
US 
US 
US 
US 
US 
U  S 
US 
US 
Ark 
US 

us 
us 
us 
u  s 
us 
us 
u  s 
us 
us 
us 
us 
u  s 
us 


67  and  62  at  Corning 

<)7  and  Ark.  14  west  of  Newport 

67  northeast  of  North  Little  Rock.. 
67  and  70  southwest  of  Little  Rock. 
67  northeast  of  Fulton. 

63  and  Ark.  9  at  Mammoth  Springs. 

64  west  of  Augusta 

70  east  of  West  Memphis 

70  at  De  Vails  Bluff 

79  at  Roe 

22  east  of  Ft.  Smith 

65  and  64  north  of  Conway.- 

65  south  of  Little  Rock 

65  and  Ark.  13  east  of  Pine  Bluff... 
65  and  165  southeast  of  Mcfiehee... 

167  south  of  Little  Rock 

167  northeast  of  El  Dorado 

167  and  82  southeast  of  El  Dorado.. 
82  at  Garland  City.. 

71  and  62  west  of  Rogers 

71  and  64  at  Alma 

71  southeast  of  Ft.  Smith 

71  and  270  northeast  of  Mena 

71  south  of  Ogden __ 

71  southeast  of  Texarkana 


Aver- 
age 
daily 
truck 
traffic 


Average  or  total .._ 5,022       7,350    36,910,120 


Number 
130 
102 
228 
320 
103 
145 

38 
988 
130 

32 
196 
398 
120 
189 
244 
106 

28 
170 

41 
471 
435 
180 

63 
100 

65 


Aver- 
age 

gross 

weight 

per 

truck 


Pounds 
6,180 
6,680 
6,390 
7,280 
7,180 
5,330 
8,720 
8,750 
11,140 
8,910 
7,340 
7,670 
7,920 
7,190 
5,  700 
6,430 
8,280 
5,930 
8,200 
6,570 
7,160 
6,580 
7,040 
7,140 
6,410 


Estimated  daily 
gross  weight 


AVeight 


Pa  ii  nds 
803,  400 
681,  360 

1,  456,  920 

2,  329,  600 
739,  540 
772, 850 
331,360 

8, 645, 000 

1,448,200 

285,  120 

1, 438,  640 

3,  052,  660 
950,  400 

1,  358, 910 

1,  390,  800 

681.  580 

231,840 

1, 00S.  100 

336,  200 

3,  094,  470 

3,114,600 

1,  184,  400 

443,  520 

714,  000 

416,650 


Per- 
cent- 
age of 
total 


2.2 

1.8 
4.0 
6.3 
2.0 
2.1 

.9 
23.4 
3.9 

.8 
3.9 
8.3 
2.6 
3.7 
3.8 
1.8 

.6 
2.7 

.9 
8.4 
8.5 
3.2 
1.2 
1.9 
1.1 

100.0 


much  as  empty  single-unit  trucks.  The  average  net 
load  of  single-unit  trucks  was  2,840  pounds,  and  that 
of  trailer  combinations  was  9,400  pounds,  the  latter 
being  more  than  three  times  as  great  as  the  former. 

The  average  gross  weights  of  trucks,  according  to 
rated  capacity  groups  were  as  follows:  Loaded  single- 
unit  trucks — light,  6,830  pounds;  medium,  13,040 
pounds;  and  heavy,  19,880  pounds:  Empty  single-unit 
trucks — light,  4,310  pounds;  medium,  8,660  pounds; 
and  heavy,  15,740  pounds.  These  figures  indicate 
that  an  average  net  load  of  2,520  pounds  was  carried 
by  light  trucks  of  this  type,  4,380  pounds  by  medium- 
size  trucks,  and  4,140  pounds  by  heavy  trucks,  the 
heaviest  average  net  load  being  carried  by  medium- 
size  trucks. 

DATA  ON  AXLE  LOADS  AND  TOTAL  GROSS  LOADS  OF  TRUCKS 
PRESENTED 

The  total  gross  weights  of  single-unit  trucks  and 
truck-trailer  combinations  ranged  as  follows:  From 
1,000  to  20,000  pounds  for  empty  single-unit  trucks, 
with  a  median  between  4,000  and  5,000  pounds;  from 
1,000  to  42,000  pounds  for  empty  truck-trailer  com- 
binations, with  a  median  between  8,000  and  9,000 
pounds;  from  1,000  to  33,000  pounds  for  loaded  single- 
unit  trucks,  with  a  median  between  6,000  and  7,000 
pounds;  and  from  2,000  to  67,000  pounds  for  loaded 
truck-trailer  combinations,  with  a  median  between 
18,000  and  19,000  pounds.  The  median  group  in 
each  series  represents  the  point  so  chosen  that  half 
the  number  in  the  series  were  above  and  half  below  it. 
In  each  group  the  presence  of  a  few  very  heavy  trucks 
was  balanced  by  a  larger  number  in  the  lighter-weight 
groups.  The  greatest  average  gross  weight  of  loaded 
single-unit  trucks  was  found  among  those  carrying 
forest  products,  and  the  average  gross  weight  of  those 
loaded  with  mineral  products  was  almost  as  great. 
Among  truck-trailer  combinations,  however,  trucks 
having  the  greatest  average  gross  weights  carried 
manufactured  or  agricultural  products. 
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TRIP  CLASSIFICATION 

STATE 
INTERSTATE 

TRANS -STATE 


CLASS  OF  OPERATION 

PRIVATE  OPERATOR 
CONTRACT  HAULER 
COMMON  CARRIER 


SITUS  OF  OWNERSHIP 
FARM 

CITY'  PRIVATE 
CITY:   COMPANY 


RATED  CAPACITY 
LIGHT 
MEDIUM 
HEAVY 

NATURE  OF  LOAD  CARRIEO 

COMMERCIAL 

OTHER  TYPES  OF  LOAD 


ALL  TYPES  OF  LOAD 
EMPTY 


ALL  CLASSES 


!AGE  GROSS 

ONT  AXLE 
AH  AXLE 

WEIGHT 

fR 
RE 

r 

Table   10. — Number  and  average  axle  loads  of  trucks  recorded  at 
25  stations  on  Arkansas  highways,  by  nature  of  load  carried 


average  gross  weight  -  thousands  of  pounds 

Figure  5. — Average  Gross  Axle  Loads  of  Trucks  Recorded 
at  25  Stations  by  Various  Classifications. 

Average  gross  axle  and  total  loads  of  trucks  accord- 
ing to  trip,  operation,  and  ownership  classifications, 
rated  capacity,  and  nature  of  load  carried,  are  presented 
in  tables  9  to  12  inclusive.  The  principal  items  are  also 
shown  graphically  in  figure  5. 

Table  9. — Number  and  average  axle  loads  of  trucks  recorded  at  25 
stations,  by  various  classifications 


Classification 


Trip  classification: 

State 

Interstate 

Trans-State ... 

Total 

Class  of  operation: 

Private  operator 

Contract  hauler 

Common  carrier 

Total 

Situs  of  ownership: 

Farm 

City— Private 

City— Company 

Total _. 

Rated  capacity: 

Light 

Medium _ 

Ueavy 

Total 

Nature  of  load  carried 

Commercial 

Other  types  of  load. 

All  types  of  load 

Empty 

Total.. 


Number 

of 
trucks 


23,584 
9,107 
1,210 


33,901 


28, 763 
3,460 
1,568 


33,  791 


5,892 
12,628 
15,313 


33,  833 


31,383 
2,395 


33, 862 


17, 161 
3,298 


20,  459 
13, 322 


33,  781 


Average  gross  loads  l 


Front  axle 


Weight 


Pounds 
1,880 
2, 070 
2,310 


1,950 


1,870 
2,260 
2,740 


1,950 


1,510 
1,830 
2,210 


1,950 


1,820 
3,460 
5,920 


1,950 


2,080 
1,770 


2,030 
1,820 


1,950 


Percent- 
age of 
total 

weight 


32.4 
29.0 
26.  9 


31.1 


32.5 
26.2 
26.3 


31.1 


35.4 
31.1 
30.1 


31.1 


31.3 
29.3 
32.1 


31.1 


26.7 
33.1 


27.5 
40.0 


31.1 


Rear  axle 


Weight 


Pounds 
3,930 
5,060 
6, 290 


4,320 


3,890 
6,360 
7,680 


4,320 


2,750 
4,050 
5,140 


4,320 


4,000 
8,340 
12,  510 


4,320 


5,690 
3,580 


5,360 
2,730 


4,  320 


Percent- 
age of 
total 
weight 


67.6 
71.0 
73.1 


67.5 
73.8 
73.7 


s  !i 


68.9 


68.7 
70.7 
67.9 


73.3 
66.9 


72.5 
60.0 


Total 
weight 


Pounds 
5,810 
7, 130 
8,600 


6,270 


5, 700 
8,620 
10,  420 


6,270 


4,260 
5,880 
7,350 


Number 

of 
trucks 

Average  gross  loads  i 

Front  axle 

Rear  axle 

Weight 

Percent- 
age of 
total 
load 

Weight 

Percent- 
age of 
total 
load 

Total 
weight 

Commercial  commodities: 
Manufactured  products. 

Agricultural  products 

Mineral  products,  oil 

Forest  products 

10, 423 

4,113 

1,346 

1,189 

90 

Pounds 
2,130 
1,960 
2,260 
1,930 
1,410 

28.1 
25.0 
26.8 
21.7 
38.2 

Pounds 
5,440 
5,880 
6,160 
6,970 
2,280 

71.9 
75.0 
73.2 
78.3 
61.8 

Pounds 
7,570 
7,840 
8,420 
8,900 

Retail  delivery 

3,690 

Total 

17, 161 

2,080 

26.7 

5,690 

73.3 

7,770 

Other  types  of  load: 
Passengers _ 

2,004 
702 
592 

1,590 
1,810 
2,330 

36.8 
28.1 
30.9 

2,740 
4,630 
5,200 

63.2 
71.9 
69.1 

4,330 

Household  goods.   

Highway  materials 

6,440 
7,530 

Total 

3,298 

1,770 

33.1 

3,580 

66.9 

5,350 

All  types  of  load 

20, 459 
13, 322 

2,030 
1,820 

27.5 
40.0 

5,360 
2,730 

72.5 
60.0 

7,390 

Empty 

4,550 

Grand  total.. 

33, 781 

1,950 

31.1 

4.320 

68.9 

6,270 

6,270 


5,820 
11,800 
18,  430 


6,  270 


7,770 
5,350 


1  Represents  gross  weights  of  motor  trucks,  excluding  trailers. 


Table 


11. — Number    and    average    axle    loads    of   empty    trucks 
recorded  at  25  stations,   by  rated  capacity 


Rated  capacity 


7,390 
4,550 


6,  270 


i  Represents  gross  weights  of  motor  trucks,  excluding  trailers. 


H  ton!.. 

1  ton  3... 
\yi  tons. 

2  tons 

2K>  tons. 

3  tons 

3^  tons. 

4  tons.... 

5  tons 


Number 

of 
trucks 


Average  gross  loads  ' 


Front  axle 


Capacity  groups: 

Light 

Medium 

Heavy 


All  capacities. 


4,757 

644 

7,217 

444 

41 

131 

52 

7 

26 


12,618 
675 
26 


13, 319 


Weight 


Pounds 
1,390 
1,440 
1,990 
2,860 
3,420 
3,870 
4,760 
4,770 
5,840 


1,740 
3,260 
5,840 


1,820 


Percent- 
age of 
total 
load 


47.3 
41.0 
37.6 
37.0 
38.6 
37.5 
40.5 
36.5 
37.1 


40.4 
37.6 
37.1 


40.0 


Rear  axle 


AVeight 


Pounds 
1,550 
2,070 
3,300 
4,860 
5,430 
6,450 
6,980 
8,300 
9,900 


2,570 
5,400 
9,900 


2,730 


Percent- 
age of 
total 
load 


52.7 
59.0 
62.4 
63.0 
61.4 
62.5 
59.5 
63.5 
62.9 


Total 
weight 


Pounds 
2,940 
3,510 
5,290 
7,720 
8,850 
10,320 
11,740 
13,  070 
15,  740 


59. 6  4. 310 
62. 4  8, 660 
62. 9       15, 740 


60.0 


4,550 


1  Represents  gross  weights  of  motor  trucks,  excluding  trailers. 

2  Includes  two  ^-ton  trucks. 

3  Includes  two  M-ton  trucks. 

'  Light,  H5  tons  and  under;  medium,  between  \\i  and  5  tons;  heavy,  5  tons  and 
over. 

The  average  gross  total  weight  of  all  trucks  was  6,270 
pounds,  or  a  little  more  than  3  tons.  The  average 
gross  weight  on  the  front  axles  of  all  trucks  was  1,950 
pounds,  and  that  on  the  rear  axles  was  4,320  pounds, 
representing  31.1  percent  and  68.9  percent  of  the  total, 
respectively. 

The  percentage  of  average  gross  weight  carried  by  the 
front  axle  of  trucks,  grouped  according  to  rated  capacity, 
was  greatest  for  heavy  trucks  and  least  for  those  of 
medium  capacity.  The  corresponding  percentage  for 
trucks  loaded  with  commercial  commodities  was 
smaller  than  that  for  those  carrying  other  types  of  load. 
The  percentages  of  the  average  total  gross  loads  carried 
by  front  and  rear  axles  were  27.5  and  72.5  percent  for 
loaded  and  40  and  60  percent  for  empty  trucks. 
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Table  12. — Number    and    average    axle    loads    of   loaded    trucks 
recorded  at  25  stations,  by  rated  capacity 


Rated  capacity 


Vi  ton  2 

1  ton  3 

l],i  tons.. 

2  tons*. 

2%  tons  s 

3  tons 

ZYi  tons 

4  tons 

5  tons  ' 

Capacity  groups 

Light 

Medium , 

Heavy. 

All  capacities... 


Number 
of  trucks 


5,660 

1,079 

12, 026 

1,174 

174 

271 

77 

24 

58 


IS,  765 

1,720 

58 


20,  543 


Average  gross  loads  > 


Front  axle 


Weight 


Percent- 
age of 
total 
load 


Pounds 
1,390 
1,500 
2,150 
3.160 
3,920 
4,290 
5,710 
4,260 
6,010 


1.880 
3,550 
6,010 


2,030 


39.4 
30.0 
25.1 
26.3 
29.2 
27.4 
32.6 
27.7 
30.2 


27.5 
27.2 
30.2 


27.5 


Rear  axle 


Weight 


Pounds 
2,140 
3,500 
6,400 
8,870 
9,510 
11,370 
11,780 
11,  120 
13,  870 


4,950 
9,490 
13, 870 


5,360 


Percent- 
age of 
total 
load 


60.fi 
70.0 
74.9 
73.7 
70.8 
72.6 
67.4 
72.  3 
69.8 


72.5 
72.8 


72.5 


Total 
weight 


Pounds 
3,530 
5,000 
.8,  550 
12, 030 
13,  430 
15,  660 
17,  490 
15,  380 
19,  880 


6,830 
13,040 

19, 880 


7,  390 


1  Represents  gross  weights  of  motor  trucks,  excluding  trailers. 

2  Includes  one  U-ton  truck. 

3  Includes  six  )4-ton  trucks. 

*  Includes  one  l?i-ton  truck. 
'  Includes  one  2H-ton  truck. 
'  Includes  one  7J.£-ton  truck. 
i  Light,  V,b  tons  and  under;  medium,  between  lj.£and  5  tons;  heavy,  5  tons  and  over. 

LIGHT    TRUCKS    HAD    GREATEST    TENDENCY    TO    EXCEED     RATED 
CAPACITY 

The  greatest  average  gross  weight  of  trucks  classified 
according  to  the  nature  of  load  carried  was  found 
among  those  which  carried  forest  products,  mineral 
products,  such  as  coal,  oil,  marble  and  similar  products, 
and  agricultural  products.  Trucks  carrying  these 
three  groups  of  commodities  also  showed  a  smaller 
percentage  of  the  total  weight  carried  by  the  front 
axle  than  that  of  other  groups,  indicating  that  net  loads 
of  these  commodities  were  relatively  heavier,  and  that 
the  loaded  weight  was  concentrated  principally  on  the 
rear  axle.  Retail  delivery  trucks  and  trucks  carrying 
passengers  showed  a  relatively  greater  proportion  of 
the  total  gross  load  carried  by  the  front  axle,  and 
trucks  carrying  manufactured  products,  including 
wholesale  delivery  trucks,  as  well  as  household  goods 
and  highway  materials,  were  in  an  intermediate 
position. 

Average  gross  weights  of  trucks,  classified  according 
to  rated  capacity,  are  shown  in  tables  11  and  12. 
For  empty  trucks,  both  total  and  individual  axle 
weights  of  these  groups  showed  an  approximately 
straight-line  increase  which  varied  directly  with  the 
increasing  rated  capacity.  The  few  minor  irregu- 
larities which  appear  in  these  series  were  caused  in  part 
by  the  small  number  of  trucks  in  the  samples  for  certain 
groups.  But  still  another  factor  must  be  considered, 
that  is,  the  inclusion  in  these  samples  of  trucks  of  any 
and  all  makes,  some  of  which  were  of  light  and  some  of 
extremely  heavy  construction,  with  many  gradations 
between.  The  majority  of  trucks  in  the  lowest  rated 
capacity  groups  were  of  the  lighter  makes,  and  those 
in  the  l}2-ton  capacity  group,  also,  were  principally  of 
this  type,  while  most,  if  not  all,  of  the  trucks  of  5-tons 
capacity  or  over  were  of  the  more  heavily  built  makes. 
In  the  intervening  group,  however,  in  addition  to 
trucks  of  moderately  heavy  construction,  there  were 
some  of  the  heavier  trucks  of  lighter  makes,  and  a 
scattering  of  the  lighter  trucks  of  heavy  makes,  thus 


producing  a  composite  group  which  does  not  conform 
to  any  of  the  types  of  which  it  is  partly  composed. 

In  the  case  of  loaded  trucks  there  are  even  more 
factors  affecting  the  composition  of  the  sample.  Here, 
in  addition  to  the  differences  between  the  vehicles 
themselves,  the  variation  in  the  nature  and  weight  of 
loads  carried  is  also  involved.  Despite  these  diverg- 
ent elements,  the  average  total  and  axle  weights  of 
trucks,  arranged  in  increasing  order  by  rated  capacity, 
show  a  comparatively  regular  increase,  with  the  excep- 
tion of  the  4-ton  capacity  group,  at  which  a  marked 
break  occurs  in  each  series.  This  may  be  ascribed  to 
the  fact  that  the  number  of  trucks  in  this  capacity 
group  is  not  sufficiently  large  to  give  a  true  average. 
The  inadequacy  of  this  group  is  shown  in  the  frequency 
distribution. 

Although  the  net  weight  of  loads  carried  by  individ- 
ual trucks  was  not  obtained  in  connection  with  this 
survey,  it  is  possible  to  arrive  at  an  approximate 
average  net  weight  of  loads  by  subtracting  the  weight 
of  empty  trucks  from  that  of  loaded  trucks  of  corre- 
sponding rated  capacity  groups.  This  method  has 
been  followed  in  obtaining  the  figures  presented  in  the 
third  column  of  table  13. 

The  average  net  weight  of  loads  increased  with  in- 
crease in  rated  capacity,  but  at  a  lesser  rate  than  the 
capacity  itself,  up  to  the  4-  and  5-ton  groups,  for  which 
the  computed  average  net  loads  were  smaller  than 
those  for  the  l}i-  and  2-ton  groups,  respectively.  The 
greatest  average  net  load  was  carried  by  3-  and  3/2-ton 
trucks.  Trucks  of  light  rated  capacity  carried  rela- 
tively heavier  net  loads,  and  heavy  trucks  relatively 
lighter  net  loads,  in  comparison  with  then  capacity. 
The  average  net  load  of  trucks  of  all  capacities  was 
about  1.1  times  the  average  rated  capacity. 

Table  13. — Average  gross  and  net  loads  of  trucks  of  each  rated 
capacity  recorded  at  25  stations,  and  ratio  to  rated  capacity 


Averaf 
wei; 

Loaded 
trucks 

e  gross 
;ht  ' 

Empty 
trucks 

Average 

net 
weight  ' 

Ratio  of  rated 
capacity  to- 

Rated  capacity 

Average 
loaded 
weight 

Average 

net 
weight 

Pounds 
3,530 
5,000 
8,550 
12,030 
13,  430 
15,660 
17,  490 
15,380 
19, 880 

Pounds 
2,940 
3,510 
5,290 
7,720 
8,850 
10,  320 
11,740 
13, 070 
15,  740 

Pounds 
590 
1,490 
3,260 
4,310 
4.580 
5,340 
5,750 
2,310 
4,  HO 

1:3.5 
1:2.5 
1:2.9 
1:3.0 
1:2.6 
1:2.6 
1 : 2.  5 
1:1.9 
1:2.0 

1:0.6 

1:0.8 

1:1.  1 

1:1.1 

2Yi  tons 

1:0.9 

1:0.9 

.-;i .  tons ... 

1:0.8 

1:0.3 

1:0.4 

Capacity  groups:  2 
Light3                

6,830 
13,040 
19, 880 

4,310 
8,660 
15,  740 

2,520 
4,380 
4,140 

1:3.0 
1:2.9 
1:2.0 

1:1.1 

1:1.0 

1:0.4 

7,390 

4,550 

2,840 

1:3.0 

1:1.1 

1  Represents  weights  of  motor  trucks,  excluding  trailers. 

2  Light,  VA  tons  and  under;  medium,  between  1H  and  5  tons;  heavy.  5  tons  and 
over. 

3  Average  about  Us  tons. 
*  Average  about  2J4  tons, 
s  Average  about  5  tons. 

«  Average  about  1J4  tons. 

SEVEN-EIGHTHS    OF    ALL   LOADED    TRUCKS    WEIGHED   LESS    THAN 

6  TONS 

The  frequency  distributions  of  empty  and  loaded 
trucks  of  various  capacities,  according  to  average 
total  gross-weight  groups,  are  presented  in  tables  14 
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EMPTY 


' 

■ 

1 

I 

■ 

LOADED 

I 

1 

- 

1 

' 

i 

' 

1 

< 

i 

> 

1 

li     2     r2     J     3j      U      5     ALL  2 

SINGLt-UNIT  TRUCKS 

RATED  CAPACtTY 


I      12     2    22     3     3g     4     5    ALL 

TRUCKS  WITH  TRAILERS 
-TON5 


Figure  6.— Total  Gross  Weights  of  Empty  and  Loaded 
Single-Unit  Trucks  and  Trucks  With  Trailers  of  Each 
Rated  Capacity,  Showing  Range  and  Median  Point. 

and  15.  Figure  6  gives  this  same  information  in  graphic 
form,  showing  the  range  and  median  point  among 
weights  of  trucks  of  each  rated  capacity.  This  figure 
also  includes  corresponding  information  relating  to 
trucks  with  trailers.  In  the  tables,  actual  numbers 
have  been  converted  to  the  number  of  trucks  per 
thousand  in  the  sample  for  each  class,  respectively, 
thus  making  possible  general  comparisons  in  each 
table.  These  figures  can  be  converted  into  percentages 
by  placing  a  decimal  point  in  front  of  the  last  digit  of 
each. 

GROSS  LOADS  OF  TRUCKS  WITH  TRAILERS -GENERAL 
CLASSIFICATIONS 

Average  gross  axle  and  trailer  loads  of  truck-trailer 
combinations,  according  to  trip,  operation,  and  owner- 
ship classifications,  are  presented  in  table  16.  Corre- 
sponding figures  for  trucks  with  trailers  which  carried 
loads  of  various  kinds  are  shown  in  table  17.  A  com- 
parison of  the  relative  importance  of  front  axle,  rear 


Table    14. — Frequency  distribution  of  empty  trucks  recorded  at 
25  stations  by  rated  capacity  and  Mat  weight  groups 


Number  of  trucks  per  thousand  in  sample  for 
rated  capacities  of— 

Total  weight 

a 
o 

NT* 

a 
o 

a 
o 

S5 

en 

a 
o 

CO 

a 
o 

CN 

a 
o 

CO 

□ 
o 

CO 

a 
o 

a 
o 

2| 

<;  o. 

Pounds 
1,000-  1,999_. 

11 

173 
161 
10 

1 
(3) 
(3) 
(3) 
(3) 

1 
14 
20 
10 
2 
1 
(3) 
(3) 

(3) 

3 

55 

155 

200 

89 

24 

9 

4 

1 

1 

(3) 

(3) 

(3) 

(3) 
(3) 
(3) 

1 

4 

7 

9 

5 

4 

2 

(3) 

1 

(3) 

(3) 

(3) 

(3) 

(3) 

12 

2,000-  2,999. 

190 

3,000-  3,999. . . 

236 

4,000-  4,999. 

(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
l 

(3) 
(3) 
(3) 

177 

5,000-  5,999-. 

1 
1 
1 

1 

1 

1 

(3) 

1 

1 

I 

(3) 

(3) 

(3) 

(3) 

(3) 

(3) 
(3) 
(3) 

209 

6,000-  6,999-.   . 

98 

7,000-  7,999 

36 

8,000-  8,999.. 

(3) 
(3) 

— 

15 

9,000-  9,999 

9 

10,000-10,999 

5 

11,000-11,999..   .    . 

2 

(3) 
(3) 
(3) 
(3) 
(3) 
(3) 

(3) 

(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 

4 

12,000-12,999 

(3) 

.... 

2 

13,000-13,999 

2 

14,000-14,999- 

2 

15,000-15,999 

1 

16,000-16,999. 

1 

17,000-17,999-. 

1 

18,000-18,999 

(3) 

19,000-19,999  . 

(3) 

(3) 

(3) 

All  weight  groups 

357 

IS 

542 

33 

3 

10 

4 

1 

2 

1,000 

i  Includes  two  H-ton  trucks. 

2  Includes  two  44-ton  trucks. 

3  Less  than  one  per  thousand. 

Table   15. — Frequency  distribution  of  loaded   trucks   recorded   at 
25  stations,  by  rated  capacity  and  total  weight  groups 


Total  weight 


I'un  m/.v 


000-  1, 
000-  2, 
000-  3. 
000-  4, 
000-  5, 
000-  6, 
000-  7, 
000-  8, 
000-  9, 
000-10. 
000-11, 

IKK)    12, 

000-13. 
000-14, 
000-15, 
000-16, 
000-17, 
000-18, 
000-19, 
000-20. 
000-21 , 
000-22, 
000-23, 
000-21, 
000-25, 
1)00-26, 
000-27, 
000-28, 
000-29, 
000-30, 
000-31, 
I  III!  1-32, 


999. 
,999. 
999. 
999. 
999. 
999. 
999. 
999. 


999. 

999. 


999. 
,999. 
999. 
999. 
999. 
999. 
999. 
999. 
999. 
,999. 
,999. 
,'.190 
,999. 
999. 


All  weight  groups.... 276     53    585 


Number  of  trucks  per  thousand  in  sample  for 
rated  capacities  of— 


(6) 


(6) 


57 


(6) 


(8) 


<o- 


m 


4 

65 

162 

106 

97 

88 

84 

82 

74 

58 

50 

37 

29 

21 

14 

9 

5 

5 

3 

4 


(«) 
(8) 
(6) 
(») 


C) 


(8) 
(6) 


1,000 


i  Includes  one  U-ton  truck. 

2  Includes  six  34-ton  trucks. 

3  Includes  one  l34-ton  truck. 

4  Includes  one  2!4-ton  truck. 
s  Includes  one  7!i-ton  truck. 

6  Less  than  one  per  thousand. 

axle,  and  trailer  loads  in  each  of  these  classifications  is 
shown  graphically  in  figure  7. 

Special  information  with  regard  to  foreign  passenger- 
car  traffic  was  obtained  at  survey  stations  near  the 
Arkansas  border  during  the  regular  operations  of  these 
stations. 
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The  special  information  was  obtained  from  post- 
card questionnaires  requiring  no  postage,  distributed 
to  foreign  passenger-car  operators  at  border  stations. 
The  driver  was  asked  to  give  the  following  data: 
(1)  Whether  trip  was  for  business  or  pleasure;  (2)  num- 
ber of  occupants  of  the  car;  (3)  number  of  miles  driven 
in  Arkansas;  (4)  number  of  days  stay  in  Arkansas;  (5) 
type  of  accommodation  used,  such  as  hotels,  tourist 
camps,  etc.,  or  "driving  through";  and  (6)  State  in 
which  the  car  was  registered. 

Approximately  6,500  cards  were  returned,  or  28  per- 
cent of  those  distributed.  The  number  of  cards  re- 
turned ranged  from  22  to  39  percent  of  those  distributed 
at  individual  stations. 

SEVENTY-FIVE    PERCENT    OF    FOREIGN    PASSENGER-CAR     TRAFFIC 
ORIGINATED  IN  FIVE  ADJACENT  STATES 

Table  18  shows  the  average  daily  and  annual  foreign 
passenger-car  traffic  at  51  stations  located  near  the 
Arkansas  border. 


Foreign  passenger-car  traffic  recorded  at  these  points 
was  used  in  computing  the  daily  and  annual  traffic 
entering  and  leaving  Arkansas.  At  the  51  stations 
shown  in  table  18  a  total  annual  traffic  of  2,983,800 
foreign  passenger  cars  was  estimated  to  have  entered 
or  left  Arkansas  during  the  year.  Half  of  this  traffic, 
1,491,900  vehicles,  was  assumed  to  have  entered  the 
State. 

Since  the  tourist  traffic  entering  or  leaving  Arkansas 
is  not  concentrated  during  any  period  of  the  year,  the 
foreign  passenger-car  traffic  entering  the  State  was  as- 
sumed to  have  had  the  same  seasonal  variation  as  all 
foreign  passenger-car  traffic  recorded  within  the  State. 

The  State  of  registration  as  determined  from  license 
tags  provided  a  means  of  accurately  estimating  the  vol- 
ume of  foreign  passenger-car  traffic  by  State  of  origin. 

The  origin  of  tourist  traffic — foreign  passenger-car 
traffic — is  summarized  by  areas  in  table  19.  In  figure  8 
the  areas  within  the  circles  show  the  relative  volume  of 
tourist  traffic  originating  in  each  geographical  section. 


Table  16. — Number  and  average  axle  and  trailer  I 

oads  of  trucks  with 

railers  recorded  at  & 

5  stations 

,  by  various  classifications 

Number  of 
truck  trailer 
combina- 
tions 

Average  gross  loads 

Truck- 

Trailer 

Classification 

Front  axle 

Rear  axle 

Weight 

Percentage 

of  total 

load 

Total 
weight 

Weight 

Percentage 

of  total 

load 

Weight 

Percentage 

of  total 

load 

Trip  classification: 
State 

2,900 

2,281 

476 

Pounds 
2,310 
2,360 
2,610 

16.8 
14.7 
14.4 

Pounds 

6,260 
7,  200 
8,170 

45.6 
44.9 
44.9 

Pounds 
5,170 
6,480 
7,400 

37.6 
40.4 
40.7 

13,  740 

16,040 

Trans-State 

18,180 

Total 

5.657 

2,360 

15.7 

6,  800 

45.2 

5,880 

39.1 

15,040 

Class  of  operation: 

2,863 

1,836 

951 

2,190 
2,300 
2,960 

16.9 
14.7 
14.9 

5,920 
7,160 

8,750 

45.6 
45.5 
43.9 

4,860 
6,250 
8,220 

37.5 
39.8 
41.2 

12,970 

15,710 

19,930 

Total 

5,650 

2,360 

15.7 

6,800 

45.2 

5,880 

39.1 

15,040 

Situs  of  ownership: 
Farm ..  

219 
2,100 
3,335 

1,820 
2,050 
2,590 

19.2 
16.0 
15.4 

4,270 
5,900 
7,530 

45.0 
46.0 
44.8 

3,400 
4,870 
6,680 

35.8 
38.0 
39.8 

9,490 

12,820 

City — Company. . .. 

16,800 

Total. _ 

5,654 

2,360 

15.7 

6.800 

45.2 

5.880 

39.1 

15,040 

Table  17. — Number  and  average  axle  and  trailer  loads  of  trucks  with  trailers  recorded  at  25  stations,  by  nature  of  load  carried 


Number  of 
truck  trailer 
combina- 
tions 

A  verage  gross  loads 

Truck 

Trailer 

Nature  of  load  carried 

Front  axle 

Rear  axle 

Weight 

Percentage 

of  total 

load 

Total 
weight 

Weight 

Percentage 

of  total 

load 

Weight 

Percentage 

of  total 

load 

Commercial  commodities. 
Manufactured  products.   ...  .     

2,243 
720 

82 
465 

Pounds 
2,580 
2,230 
2,360 
2,070 

13.7 
11.9 
13.3 

11.8 

Pounds 

8,620 
8,480 
8,050 
8,310 

45.5 
45.3 
45.5 
47.4 

Pounds 
7,730 
8,020 
7,300 
7,130 

40.8 
42.8 
41,  2 
40.8 

POU  nils 

18,930 

Agricultural  products 

18,730 

Mineral  products,  oil 

17.710 

Forest  products. 

17,510 

Total. 

3,510 

2,440 

13.1 

8,540 

45.7 

7,690 

41.2 

18,670 

Other  types  of  load: 
Passengers .....  _. 

57 
76 
32 

2,000 
2,040 
2,360 

23.6 

17.7 
18.8 

4,050 
5,370 
5,460 

47.6 
46.6 
43.4 

2,  450 
4,120 
4.760 

28.8 
35.7 
37.8 

8,500 

Household  goods . 

11,530 

Highway  materials... _ _ 

12,  580 

Total.... 

165 

2,090 

19.6 

4,930 

46.1 

3,6711 

34.3 

III.  h'.Ki 

All  types  of  load.. 

3,675 
1,971 

2,420 
2,230 

13.2 

25.0 

8,380 
3,860 

45.7 
43.2 

7,520 
2,830 

41.1 
31.8 

18,  .T.'ll 

Empty 

8.  920 

Grand  total.. 

5,646 

2,360 

15.7 

6,800 

45.2 

5.8811 

39.1 

15,040 
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FRONT  AXLE 


REAR  AXLE      rrm 


TRIP  CLASSIFICATION 

STATE 
INTERSTATE 
TRANS-  STATE 


CLASS  OF  OPERATION 

PRIVATE  OPERATOR 
CONTRACT  HAULER 
COMMON   CARRIER 


SITUS  OF  OWNERSHIP 
FARM 

CITY:  PRIVATE 
CITY-   COMPANY 


NATURE  OF  LOAD  CARRIED 

COMMERCIAL 

OTHER  TYPES  OF  LOAD 


ALL  TYPES  OF  LOAD 
EMPTY 


ALL  CLASSES 


— ^ 

L^_ 

[■■■■.-:•:,:.•:■ 

^-;y^v/.M 

t~~i-  ■ 

1,:.--. ■,■■■■■. 

O  U  8  12  16  20 

average  6r0ss  weight  -  thousands  of  pounds 

Figure  7. — Average  Gross  Axle  and  Trailer  Loads  of 
Truck-Trailer  Combinations  Recorded  at  25  Stations 
by  Various  Classifications. 

Except  for  five  States  adjacent  to  Arkansas — -Loui- 
siana, Missouri,  Oklahoma,  Tennessee,  and  Texas — the 
census  grouping  of  States  was  used  in  figure  8.  This 
grouping  of  States  serves  very  well  and  makes  possible 
comparisons  with  populations  of  these  areas,  should 
this  be  desired. 

The  small  amount  of  traffic  originating  in  Mississippi 
does  not  justify  showing  its  traffic  separately.  The 
shortage  of  desirable  crossings  over  the  Mississippi 
River,  a  natural  traffic  barrier,  accounts  for  the  small 
volume  of  traffic  from  Mississippi,  although  there  are 
suitable  ferries  at  Helena  and  Lake  Village.  A  bridge 
across  the  Mississippi  River  at  Vicksburg  also  tends  to 
divert  traffic  into  Louisiana. 

Most  of  the  foreign  passenger-car  traffic  originated 
in  adjacent  States.  More  than  75  percent  of  total  for- 
eign traffic  had  its  origin  in  the  six  bordering  States. 
The  greatest  amount  of  this  traffic  from  a  single  geo- 
graphical area  had  its  origin  in  Missouri.  An  estimated 
total  of  293,900  vehicles,  or  19.7  percent  of  total  was 
from  that  State. 

Tennessee  with  18.5  percent  of  the  total,  or  276,000 
vehicles,  was  second  in  amount  of  foreign  passenger- 
car  traffic  found  upon  Arkansas  highways.  Much  of 
this  movement  of  traffic  from  Tennessee  was  through 
Memphis.  The  Memphis  bridge  is  the  only  one 
across  the  Mississippi  River  along  the  Arkansas  border, 
and  there  was  a  considerable  •amount  of  across-the- 
borcler  movement  with  a  short  trip  mileage  which  was 
balanced  by  a  large  amount  of  long  trips  across  the 
State. 

Texas,  with  a  comparatively  small  amount  of  mile- 
age bordering  Arkansas,  was  the  origin  of  14  percent, 
or  208,900  vehicles,  of  the  foreign  passenger  vehicles 
estimated  to  have  entered  Arkansas.  Oklahoma  with 
12.6  percent  and  Louisiana  with  10.2  percent  accounted 
for  the  origin  of  188,000  and  152,200  vehicles  respec- 
tively,   on    Arkansas    highways.     The    percentage    of 


Table  18. — Average  daily  and  estimated  annual  foreign  passenger- 
car  traffic  at  51  stations  near  the  Arkansas  border 


Station  number 

Route 

Foreign  passenger  cars 

Daily 

Annual  i 

1  NE 

U  S  67... 

152 

293 

2,481 

55 

67 

432 

138 

138 

156 

253 

88 

864 

27 

93 

197 

246 

57 

317 

87 

25 

86 

86 

36 

102 

68 

185 

32 

74 

44 

236 

99 

23 

7 

23 

37 

115 

18 

68 

19 

26 

55 

90 

50 

119 

3 

35 

48 

80 

9 

128 

8 

55,500 
106,900 
905,600 

20  100 

2N 

US  63 

5 __. 

US  61  and  70 _ 

US  82.. 

17 

18 

US  71  . 

24  500 

19 .. 

US  67 

157  700 

20... _. 

US  71 2.... 

50,  400 
50,400 
56,900 
92,  300 
32  100 

22 

US  71 2. 

23 

Ark.22 

24  SW __ 

US  64...  . 

26  E _ 

U  S  62... 

30  N_.  

US  61... 

315,400 
9  900 

37  SE _ 

Ark.  131 

61  N.. _. 

U  S  65 

33,900 
71  900 

62  N 

Ark.  47.. 

63  N 

US  71 

89, 800 
20, 800 
115  700 

63  W _ _ 

Ark.  102 

Ark.  59 

64  W 

65W__ 

US  62 

31, 800 

75  SW 

Ark.  45 

9  100 

76  NE 

Ark.  20... 

31,400 

77  E 

Ark.  20... 

31, 400 

97  S... 

Ark.  13 

13, 100 

100  SE 

US  65 

37,200 

100  SW 

Ark.  159 

21,  800 

115 

US  167 

67,500 

121  NW 

Ark.  32 

11.700 

122  W 

U  S  70... 

27,000 

200  E   

Ark.  90 

16, 100 

203  E 

Ark.  25. 

86, 100 

204  N _ 

Ark.  77... 

36, 100 

241 

Ark.  115.... 

8,400 

242  N _ 

Ark.  93 

2,600 

246  N  .. 

Ark.  5  . 

8,400 

255  NE  

Ark.  21 

13,500 

259 

Ark.  100 

42, 000 

270 

Ark.  28 

6,600 

275 

US  270.... 

24, 800 

276 

Ark.  88 

6,900 

278  W 

Ark.  4 

9,500 

290 

US  71 

20,100 

291 

Ark.  29 

32,800 

292 

Ark.  132 

18,200 

294 

US  79 

43, 400 

295 

Ark.  15 _ 

1,100 

298 

Ark.  129— 

12, 800 

299 

Ark.  133 

17, 500 

300 

US  165 

29,200 

303  SE 

3,300 

304  NE     .                   

US  82.. 

46,  700 

307 

Ark.  4 

2,900 

Total 

8,175 

2, 983. 800 

Estimated  number  entering  State . 

4,088 

1, 491, 900 

1  Annual  traffic  estimated  by  multiplying  daily  average  by  365;  individual  station 
estimates  of  annual  traffic  adjusted  to  the  nearest  100  vehicles. 

2  Station  20  was  located  near  the  Texas  line;  station  22  was  located  near  Fort  Smith. 

Table  19. — Origin  of  foreign  passenger-car  traffic  in  Arkansas 


Geographical  area 

Estimated 
annual 
traffic 

Percentage 
distribu- 
tion 

152,  200 

293, 900 

188, 000 

276,  000 

208, 900 

6,000 

25, 400 

116,400 

86,  500 

32, 800 

49, 200 

16,  400 

37, 300 

3,000 

10.2 

19.7 

Oklahoma. . 

12.6 

18.5 

14.0 

New  England  States 

.4 

Middle  Atlantic  States ...  .  

1.7 

7.8 

5.8 

South  Atlantic  States 

2.2 

East  South  Central  States  except  Tennessee 

3.3 

1.1 

2.5 

Other'.. 

.2 

Total 

1, 492. 000 

100.0 

1  Includes  cars  from  Canada,  Mexico,  Panama,  Puerto  Rico,  and  Hawaii. 

total  and  the  number  of  vehicles  originating  in  other 
areas  are  shown  in  table  19. 

Excepting  Tennessee  and  the  East  North  Central 
States,  the  territory  east  of  the  Mississippi  was  not  a 
source  of  much  of  the  State's  tourist  traffic.  The  East 
North    Central    States    contributed    7.8    percent,    or 
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RELATIVE  DIVISION  OF  BUSINESS 

AND  PLEASURE  TRIPS  TO  ARKANSAS 

FROM  ALL  AREAS 

Figure  8. — Origin  of  Foreign  Passenger-Car  Traffic  in  Arkansas. 


116,400  vehicles.  The  remaining  territory  east  of  the 
Mississippi  River  was  responsible  for  less  traffic  than 
that  of  the  East  North  Central  States. 

A  little  less  than  6  percent  of  the  foreign  passenger 
cars  that  used  Arkansas  highways  originated  in  the 
West  North  Central  States  (except  Missouri),  and 
about  59  percent  of  all  cars  from  this  area  had  their 
origin  in  Kansas. 

Distance  is  not  always  the  reason  for  a  small  amount 
of  traffic  from  a  particular  State,  as  illustrated  by  the 
fact  that  California  contributed  97  percent  of  the 
37,300  foreign  passenger  cars  that  had  their  origin  in 
the  Pacific  States. 

More  than  twice  as  many  cars  had  their  origin  in 
California  as  in  the  eight  Mountain  States.     However, 


California  has  the  second  largest  motor-vehicle  registra- 
tion of  any  State  in  the  Union. 

Slightly  more  than  0.2  percent  of  the  foreign  pas- 
senger cars  had  their  origin  outside  of  the  continental 
United  States,  or  were  government  cars  which  could 
not  be  distributed  by  areas  of  origin.  These  cars 
carried  licenses  from  Canada,  Mexico,  Panama,  Puerto 
Rico,  and  Hawaii. 


HIGHWAY  RESEARCH  BOARD  TO  MEET 
IN  DECEMBER 

The  Sixteenth  Annual  Meeting  of  the  Highway 
Research  Board  of  the  National  Research  Coimcil  will 
be  held  in  Washington,  D.  C,  on  November  18-20, 
1936.  A  program  of  reports  on  research  investiga- 
tions is  to  be  announced  in  the  near  future. 


THE  CONE  METHOD  FOR  DETERMINING 
ABSORPTION  BY  SAND 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  D.  O.  WOOLF,  Associate  Materials  Engineer 


THE  NEED  for  an  accurate  method  of  determining 
the  absorption  of  water  by  aggregateshas  beenrecog- 
nized  ever  since  the  design  of  concrete  mixtures  was 
approached  on  the  basis  of  scientific  principles.  Only 
a  portion  of  the  water  used  in  mixing  concrete  is  needed 
for  the  complete  hydration  of  the  cement.  The  rest  is 
necessary  to  lubricate  the  mix  so  that  it  may  be  placed 
uniformly  and  without  undue  difficulty.  Some  of  this 
lubricating  water  may  be  absorbed  by  the  aggregates, 
but  the  remainder,  the  so-called  "free"  water,  dilutes 
and  weakens  the  cement  paste.  Consideration  of  the 
strength  of  the  resulting  concrete  must  involve  the 
amount  of  this  diluting  water,  and  a  knowledge  of  the 
amount  of  water  absorbed  by  the  aggregates  is  neces- 
sary to  determine  the  net  water  content  available  for 
the  cement.  The  determination  of  the  bulk  specific 
gravity  and  from  this  the  bulk  volume  and  weight  of 
the  aggregates  required  for  a  given  yield  of  concrete  also 
necessitates  a  determination  of  the  amount  of  absorbed 
water. 

Methods  of  determining  the  water  absorption  of  fine 
aggregate  by  means  of  a  simple  yet  reasonably  accurate 
test  have  been  given  considerable  attention  during  the 
past  several  years  and  a  number  of  methods  have  been 
devised.  The  majority  of  the  procedures  so  far  sug- 
gested are  based  on  the  observed  behavior  of  sand  grains 
in  the  presence  of  free  moisture.  Extensive  study  by 
the  Bureau  of  Public  Roads  has  disclosed  that  most  of 
these  methods  are  either  liable  to  furnish  inaccurate 
results  or  require  such  great  care  and  are  so  sensitive 
to  nominally  uncontrolled  variables  that  their  use  in 
routine  testing  is  not  warranted. 

After  reviewing  briefly  the  various  procedures  that 
have  been  suggested,  this  report  discusses  the  so-called 
"cone  method"  which  has  been  developed  by  the  writer 
after  considerable  study  of  this  problem. 

VISUAL  INSPECTION  AND  KEROSENE  METHODS  REVIEWED 

Probably  the  first  method  used  for  determining  the 
condition  usually  known  as  "saturated  and  surface- 
dry",  when  the  permeable  pore  spaces  in  the  sand  grains 
are  filled  with  water  without  any  moisture  adhering  to 
the  surfaces  of  the  grains,  was  by  simple  visual  inspec- 
tion. The  procedure  is  simply  to  spread  the  sand  out 
on  a  smooth  surface  and  permit  it  to  air  dry,  with  or 
without  artificial  circulation.  The  sample  is  stirred 
frequently  to  insure  uniform  drying,  and  the  end  point 
is  determined  by  noting  when  the  sand  appears  to  be 
surface-dry  and  free-flowmg.  The  difference  in  the 
weight  of  sand  in  the  saturated  and  surface-dry  condi- 
tion and  the  oven-dry  weight  is  termed  the  absorption 
and  is  expressed  as  a  percentage  of  the  oven-dry  weight. 

This  method  has  been  considered  capable  of  furnish- 
ing consistent  results  when  used  by  a  single  operator 
but  considerable  doubt  has  been  expressed  as  to  the 
ability  of  different  operators  to  check  each  other's 
results  since  the  end  point  depends  entirely  on  the 
operator's  judgment.  The  development  of  a  method 
with  the  end  point  based  on  measurable  features  was 
considered  advisable. 
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In  1917,  A.  S.  Rea  presented  a  method  of  determining 
the  so-called  "apparent"  specific  gravity  of  non- 
homogeneous  fine  aggregates.1  This  value  for  specific 
gravity,  more  properly  called  the  "bulk"  specific 
gravity,  is  defined  as  the  ratio  of  the  weight  in  air  of  a 
given  volume  of  a  permeable  material  (including  both 
permeable  and  impermeable  voids  normal  to  the  mate- 
rial) at  a  stated  temperature  to  the  weight  of  an  equal 
volume  of  distilled  water  at  the  same  temperature.2 
An  accurate  determination  of  this  value  requires  that 
the  permeable  voids  in  the  material  under  test  be  j 
filled  with  water  or  some  other  substance,  or  that  the 
voids  be  sealed  against  the  entrance  of  water  by  some 
method  before  the  volume  of  the  displaced  water  is 
determined.  Rea  accomplished  this  by  coating  the 
sand  grains  with  kerosene  before  determining  the 
volume  of  the  test  sample. 

It  is  apparent  that  if  the  bulk  specific  gravity  can 
be  determined  by  this  kerosene  method,  the  absorp- 
tion of  the  material  tested  can  also  be  determined.  By 
means  of  a  slight  change,  the  method  was  later  adapted 
to  determine  the  absorption  of  fine  aggregate.3  In  this 
method,  duplicate  500-gram  samples  of  oven-dried  sand 
are  placed  in  500-milliliter  volumetric  flasks.  A  small 
amount  of  kerosene  is  added  to  one  flask  and  the  flask 
shaken  to  distribute  the  kerosene  over  all  the  sand 
grains.  It  is  intended  that  the  kerosene  shall  coat  each 
sand  grain  to  prevent  absorption  of  water.  The  vol- 
ume of  a  normal  salt  solution  4  required  to  fill  the  flask 
is  then  found.  The  excess  kerosene  floats  on  the  top 
of  the  salt  solution.  A  measured  quantity  of  water  is 
added  to  the  second  flask  and  the  sand  permitted  to 
absorb  water  for  a  definite  length  of  time.  The  volume 
of  water  required  to  fill  the  flask  is  then  determined. 
The  absorption  is  computed  from  the  difference  between 
the  volume  of  water  required  to  fill  the  flask  containing 
the  untreated  sand  and  the  volume  of  salt  water  re- 
quired to  fill  the  flask  containing  the  kerosene-coated 
sand. 

Although  this  method  appears  to  be  satisfactory  in 
theory,  a  number  of  difficulties  developed  in  actual 
practice.  The  most  troublesome  feature  is  found  when 
sand  containing  clay  or  other  fine  particles  is  tested. 
Much  of  this  fine  material  adheres  to  the  globules  of 
surplus  kerosene  and  floats  on  the  salt  water.  Shak- 
ing the  flask  or  stirring  the  liquid  seems  to  promote  the 
formation  of  an  emulsified  liquid  containing  kerosene, 
salt  water,  clay  or  other  fine  particles,  and  air.  A 
clean  line  of  demarcation  between  the  salt  water  and 
kerosene  is  seldom  found,  and  in  many  cases  only  an 
approximate  measurement  of  the  amount  of  salt  water 
required  to  fill  the  flask  can  be  made. 

For  accurate  determinations  the  test  can  be  made 
only  on  thoroughly  clean  sand  containing  little  if  any 
fine  particles.     Reports  from  a  number  of  different 


1  Proceedings,  American  Society  for  Testing  Materials,  vol,  17,  pt.  II,  p.  257. 

1  Standard  Definition  E  12-27,  American  Society  for  Testing  Materials.  Book  of 
Standards,  1933,  p.  1252. 

3  Proceedings,  American  Society  for  Testing  Materials,  vol.  20,  pt.  I,  pp.  301-302 
(1920). 

'The  higher  density  of  the  normal  salt  solution  gives  a  better  separation  of  the 
kerosene  than  would  be  obtained  with  the  use  of  water. 
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laboratories  occasionally  have  shown  negative  values 
for  tests  made  by  this  method.  The  writer  is  of  the 
opinion  that  rolling  and  shaking  the  flask  to  remove 
surplus  kerosene  and  entrapped  air  also  tends  to  remove 
the  kerosene  film  from  the  sand  grains,  allowing  the 
sand  to  absorb  water.  This  absorption,  together  with 
the  flotation  of  fine  particles  by  the  kerosene  emulsion, 
may  cause  the  volume  of  salt  water  to  exceed  that  of 
the  fresh  water,  and  a  negative  result  is  obtained. 

OTHER  METHODS  DISCUSSED 

In  1929  J.  C.  Pearson  suggested5  a  new  method  of 
determining  the  absorption  by  sand.  In  this  method  a 
200-gram  sample  of  dry  sand  is  placed  in  an  Erlenmeyer 
flask  and  water  added  drop  by  drop  until  the  finer  grains 
adhere  to  the  sides  of  the  flask  after  thorough  shaking. 
The  weight  of  the  flask  and  contents  is  then  found;  the 
sand  is  further  dampened  by  several  drops  of  water; 
and  the  sample  is  dried  until  the  sand  grams  no  longer 
adhere  to  the  flask.  The  weight  of  flask  and  contents 
is  again  determined,  and  the  average  weight  of  the 
moistened  sand  is  used  in  computing  the  absorption. 
This  method  has  one  major  defect  in  that  sufficient 
time  for  the  complete  absorption  of  the  added  water  is 
not  permitted.  Consequently,  the  method  may  furnish 
results  lower  than  the  true  absorption  of  the  material 
under  test. 

In  1933,  the  American  Society  for  Testing  Materials 
adopted  as  tentative  a  method 6  for  determining  the 
absorption  by  sand.  This  method  is  based  on  Pearson's 
titration  method.  In  the  test,  a  sample  of  sand  is 
thoroughly  saturated  with  water,  and  then  dried  to  a 
surface-dry  condition  as  determined  by  visual  examina- 
tion. A  500-gram  sample  is  taken  from  this  saturated 
and  surface-dry  sand,  and  placed  in  a  1-quart  glass  jar. 
Water  is  added  to  the  sample,  drop  by  drop,  with 
thorough  shaking  until  the  sand  grains  just  tend  to 
adhere  to  the  sides  of  the  jar.  The  weight  of  the  sample 
is  then  found,  and  the  sample  dried  to  constant  weight. 
The  results  of  this  method  are  in  effect  largely  depend- 
ent on  the  accuracy  of  the  operator's  judgment  that 
the  sample  is  in  a  saturated  and  surface-dry  condition. 
If  drying  of  the  sample  is  stopped  exactly  when  the 
sand  becomes  surface-dry,  the  addition  of  one  or  two 
drops  of  water  will  indicate  the  end  point;  if  the  sample 
is  dried  past  the  surface-dry  condition,  the  addition  of 
one  or  two  drops  of  water  may  indicate  a  false  end 
point  unless  sufficient  time  is  permitted  for  the  absorp- 
tion of  the  added  water. 

Chapman 7  has  suggested  that  the  saturated  and 
surface-dry  condition  of  sand  can  be  determined  from 
the  change  in  color  of  the  material  when  uniformly 
dried,  and  Graf  and  Johnson  8  have  stated  their  belief 
that  this  condition  can  be  determined  by  drying  sand 
for  several  da}7s  over  calcium  chloride.  It  is  doubted 
that  the  exact  point  of  change  in  color  can  be  precisely 
and  repeatedly  determined,  or  that  desiccation  will 
not  r  move  some  of  the  absorbed  water. 

In  addition  to  the  methods  that  have  already  been 
described,  Myers  9  has  presented  a  review  and  discus- 

5  A  Simple  Titration  Method  for  Determining  the  Absorption  of  Fine  Aggregates 
by  J.  C.  Pearson.    Rock  Products,  vol.  32,  no.  10,  p.  64,  Mav  11,  1929. 

6  Method  C  95-33  T:  Tentative  Test  for  Absorption  by  Aggregates  for  Concrete 
(laboratory  determinations). 

;  Discussion  of  Comparison  of  Methods  of  Determining  Moisture  in  Sands.  Pro- 
ceedings, American  Concrete  Institute,  vol.  XXV,  p.  261  (1929). 

8  Study  of  Methods  for  Determining  Moisture  in  Sand,  by  S.  H.  Graf  and  R.  H. 
Johnson.  Proceedings,  American  Society  for  Testing  Materials,  vol.  30,  pt.  I,  p.  578 
(1930). 

•  Free  Moisture  and  Absorption  of  Aggregates,  by  Bert  Myers,  in  Report  on 
Significance  of  Tests  of  Concrete  and  Concrete  Aggregates,  Committee  C-9,  Ameri- 
can Society  for  Testing  Materials,  1935. 


ion  of  a  number  of  methods  based  on  gravimetric, 
displacement,  dilution,  colorimetric,  and  electrical- 
resistance  principles.  Many  of  these  methods  are 
primarily  concerned  with  the  determination  of  the  free 
moisture  in  the  aggregate,  the  accuracy  of  which  de- 
pends upon  placing  the  sand  initially  in  a  saturated 
and  surface-dry  condition  by  visual  inspection. 

Since  none  of  the  available  methods  were  considered 
to  combine  the  desirable  characteristics  of  simplicity, 
ease  of  performance,  and  accuracy,  an  effort  was  made 
to  devise  a  better  method.  Attention  was  first  given 
to  the  possibility  of  mixing  the  sand  with  a  material  of 
known  density  and  determining  the  density  of  the  two 
substances  combined.  A  number  of  oils  and  plastic 
materials  were  tried,  but  the  method  proved  unsuc- 
cessful when  sands  containing  finely  divided  particles 
were  used.  Recourse  was  then  made  to  the  method 
based  on  Rea's  kerosene  test  for  specific  gravity,  and 
tests  conducted  to  find  a  substitute  for  kerosene  that 
would  furnish  better  results.  None  of  the  materials 
used  gave  any  better  results  than  kerosene,  and  further 
work  along  this  line  was  abandoned. 

DEVELOPMENT  OF  CONE  METHOD  DESCRIBED 

An  attempt  was  then  made  to  use  a  very  simple  pro- 
cedure. It  was  known  that  moist  sand  containing  free 
water  could  be  formed  into  shapes  by  light  pressure  and 
that  dry  sand  could  not.  This  characteristic  has  long 
been  utilized  in  foundries  in  making  molds  for  the  cast- 
ing of  metal  objects.  If  this  feature  could  be  used  in  a 
method  of  test  it  might  prove  a  satisfactory  means  of 
determining  the  saturated  and  surface-dry  condition  of 
sand.  Preliminary  tests  were  made  using  a  small, 
hollow,  metal  cone  which  was  available.  The  sand  was 
placed  loosely  in  the  cone  and  compacted  by  tamping 
it  lightly  with  a  metal  rod  having  a  flat  face  1  inch  in 
diameter.  It  was  found  that  if  the  sand  was  dry  the 
material  would  slump  when  the  cone  was  removed,  but 
if  the  sand  contained  free  moisture  the  cone  of  sand 
would  retain  its  form. 

Further  tests  were  made  using  right  truncated  cones 
having  base  angles  of  approximately  45°,  60°,  70°,  and 
80°.  Samples  of  sand  were  immersed  in  water  for  24 
hours,  drained,  and  dried  to  a  free-flowing  condition  by 
a  current  of  warm  air.  As  the  sand  approached  a 
surface-dry  condition,  tests  were  repeatedly  made  v  ith 
each  of  the  cones  to  determine  the  point  at  which  the 
sand  would  slump  when  lightly  tamped  in  the  cone 
and  the  cone  removed.  The  45°  and  60°  cones  did  not 
prove  practical.  These  angles  were  not  sufficiently 
different  from  the  natural  angle  of  repose  of  the  sand, 
and  a  definite  slump  was  seldom  obtained,  especially 
when  the  sand  contained  clay. 

The  80°  cone  gave  a  sharp  point  of  slump,  but  a 
microscopic  examination  of  the  sand  disclosed  the  pres- 
ence of  an  appreciable  amount  of  free  water.  The  70° 
cone  also  gave  a  definite  point  of  slump.  Microscopic 
examination  of  the  sand  at  this  point  failed  to  show  any 
evidence  of  free  moisture,  and  it  is  believed  that  the 
use  of  the  70°  cone  determines  the  condition  of  the  sand 
which  is  very  close  to  that  of  the  desired  "saturated  and 
surface-dry"  material.  The  addition  of  a  few  drops  of 
water  to  the  test  sample  in  the  above  condition  caused 
the  sand  to  retain  its  form  after  removal  of  the  70°  cone, 
thus  indicating  the  presence  of  free  moisture. 

There  seems  to  be  considerable  divergence  of  opinion 
as  to  the  reason  for  the  cohesion  developed  by  moist 
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sand.  P.  G.  Nutting  10  has  stated  that  surface  tension, 
vapor  tension,  atmospheric  pressure,  and  internal 
(adsorption)  pressure  are  the  forces  involved  in  causing 
the  observed  cohesion  and  resistance  to  deformation  of 
moist  sand.  This  cohesional  force  increases  with  the 
amount  of  water  present  up  to  a  maximum  and  then 
falls  to  zero  with  complete  wetting. 

Nutting  further  states  that  silica  will  adsorb  a  film  of 
water  from  50  to  100  molecules  deep  and  that  in  coarse 
sand  this  water  may  amount  to  1  milligram  per  gram  of 
sand.  However,  this  film  of  adsorbed  water  can  be 
removed  from  sand  grains  only  by  extended  desiccation 
or  heating  to  a  high  temperature.  The  presence  of  this 
adsorbed  water  cannot  be  held  the  sole  cause  of  the 
cohesion  in  damp  sand  since  it  is  present  in  sand  dried 
at  100°  C.  as  well. 

Other  physicists  do  not  agree  with  these  views.  It 
has  been  stated  by  one  authority  that  absorbed  water 
cannot  be  distinguished  from  adsorbed  water,  and  that 
whether  the  water  and  the  sand  are  physically  or 
chemically  combined,  the  cohesion  of  moist  sand  is 
caused  only  by  the  presence  of  water  on  the  surface  of 
the  sand  grains.  Another  has  stated  that  adsorbed 
moisture  is  present  in  moist  sand  in  very  small  amounts 
as  a  monomolecular  film,  but  that  this  water  behaves  as 
free  water  and  joins  with  any  other  moisture  present 
in  binding  the  sand  grains  together  when  the  damp  sand 
is  compacted.  That  the  monomolecular  film  of  ad- 
sorbed water  can  by  itself  produce  the  cohesion  of  sand 
is  doubted. 

In  general,  the  opinion  seems  to  be  that  whatever  the 
nature  of  the  water  in  damp  sand,  a  change  in  the 
cohesiveness  of  sand  may  be  taken  as  an  indication  of 
a  change  in  the  condition  of  the  sand  from  one  in  which 
free  moisture  exists  on  the  surfaces  of  the  grains  to  one 
in  which  no  free  moisture  is  present.  Free  moisture 
is  here  considered  as  that  which  causes  the  bulking  of 
sand.  Whether  or  not  adsorbed  moisture  is  present  in 
the  noncohesive  sand  seems  to  be  a  moot  point.  It 
seems  to  be  generally  agreed  that  the  amount  of  this 
adsorbed  water  is  so  small,  compared  to  the  total 
"absorption"  determined  by  this  test,  that  it  can  have 
no  practical  effect  on  either  the  bulk  specific  gravity  or 
the  net  water-cement  ratio.  The  test  is  considered  to 
be  a  logical  if  possibly  an  empirical  method  of  deter- 
mining a  usable  value  by  means  of  a  readily  standard- 
ized procedure. 

PROCEDURE  FOLLOWED  IN  MAKING  CONE  TEST  OUTLINED 

On  the  basis  of  the  preliminary  tests,  a  method  for 
determining  the  absorption  by  sand  was  formulated  as 
follows: 

A  1,000-gram  sample  of  sand  shall  be  placed  in  a  pan 
and  covered  with  water  for  a  period  of  at  least  3  hours. 
The  sample  shall  then  be  drained,  placed  in  a  large 
enamelware  pan,  and  exposed  to  a  gentle  current  of 
warm  air.  The  sand  shall  be  stirred  frequently  to  in- 
sure uniform  drying.  When  the  sand  appears  to  be 
approaching  a  surface-dry  condition,  trial  determina- 
tions with  the  cone  shall  be  started.  A  sheet  metal 
cone  with  top  and  bottom  diameters  of  IK  and  V/2  inches, 
respectively,  and  a  height  of  2%  inches,  shall  be  placed 
in  the  pan  and  filled  with  sand  which  shall  be  lightly 
tamped  25  times  with  a  12-ounce  metal  rod  having  a 
fiat  face  1  inch  in  diameter.     The  cone  shall  then  be 

'0  Some  Mechanical  Properties  of  Moist  Granular  Solids,  by  P.  G.  Nutting.  Jour- 
nal, Washington  Academy  of  Sciences,  vol.  17,  no.  8,  p.  1S5,  Apr.  19,  1927. 


lifted  vertically.  If  the  sand  does  not  slump,  free 
moisture  is  still  present,  and  the  drying  shall  be  re- 
sumed. Trials  with  the  cone  shall  be  continued  at 
frequent  intervals  until  the  sand  slumps  upon  removal 
of  the  cone.  This  indicates  that  the  sand  has  reached 
a  surface-dry  condition  and  the  weight  of  the  sample 
shall  be  determined.  To  insure  that  the  sand  has  not 
been  dried  too  much,  a  few  drops  of  water  shall  be 
mixed  with  the  sand,  and  the  cone  test  repeated.  Under 
these  conditions,  free  water  should  be  present,  and  the 
cone  of  sand  should  not  slump.  The  weight  of  the 
sample  shall  again  be  determined,  and  the  sample  oven- 
dried  to  constant  weight.  The  percentage  of  absorption 
shall  be  computed  from  the  average  of  the  two  weights 
of  the  dampened  sand  and  from  the  oven-dry  weight. 

Figure  1  shows  the  method  of  tamping  the  sand  in 
the  cone,  a  cone  of  a  sand  containing  free  moisture, 
and  a  slumped  cone  of  the  same  sand  after  the  material 
had  reached  a  surface-dry  condition. 

In  making  the  cone  test,  the  following  features  should 
be  observed: 

1.  The  sample  should  be  stirred  frequently  to  obtain 
uniform  drying. 

2.  The  first  trial  for  slump  should  find  the  sample 
with  free  moisture  present. 

3.  Successive  trials  should  be  made  at  frequent  inter- 
vals. The  practice  in  the  laboratory  of  the  Bureau  is  } 
to  dry  the  sample  under  artificial  circulation  of  air. 
As  the  sand  approaches  the  surface-dry  condition,  dry- 
ing is  continued  for  definite  lengths  of  time  and  trial 
determinations  made  at  more  and  more  frequent  inter- 
vals. Under  closely  controlled  conditions,  K-minute 
drying  periods  are  used  immediately  prior  to  determi-  | 
nation  of  the  point  of  slump. 

4.  The  metal  cone  should  be  lifted  vertically.  If  it 
is  not  carefully  removed,  the  sand  cone  may  be  struck 
and  caused  to  slump  prematurely. 

One  criticism  of  the  cone  method  which  has  been 
made  is  that  the  test  result  obtained  is  influenced  by 
the  surface  area  of  the  sand  grains.  To  investigate 
this,  a  series  of  tests  was  made  with  the  cone  method 
on  several  different  gradings  of  five  different  sands. 
In  preparing  each  set  of  test  samples,  a  large  amount  of 
sand  was  separated  into  different  sizes  by  sieving,  and 
a  series  of  samples  definitely  graded  from  coarse  to  fine 
was  obtained.  If  the  cone  method  results  were  influ- 
enced by  the  surface  area  of  the  material,  it  would  be  ) 
expected  that  the  test  value  would  be  increased  with 
change  in  the  grading  from  coarse  to  fine.  As  shown  in 
table  1,  however,  the  percentage  of  absorption  decreased 
slightly  with  increase  in  fineness  for  each  sand.  These 
results  indicate  that  the  larger  grains  have  a  somewhat 
higher  ratio  of  volume  of  permeable  voids  to  volume  of  I 
grain  than  is  found  in  finer  sand.  The  greater  absorp- 
tion of  the  larger  grains  may  explain  the  usual  results 
of  the  accelerated  soundness  test  for  sand  in  which  the 
coarser  material  shows  the  greater  loss. 

To  shorten  the  time  required  for  drying  the  sample, 
a  warm  air  blower  was  devised.  An  8-inch  electric 
fan  was  mounted  so  that  the  blades  rotated  in  a  hori- 
zontal plane  24  inches  above  the  table  surface,  and  a 
sheet-metal  tube  12  inches  long  was  fastened  to  the 
wire  guard  around  the  fan  blades.  A  series  of  electric 
resistance  coils,  drawing  1,250  watts,  was  mounted  in 
the  tube,  and  a  three-speed  rheostat  wras  placed  in  the 
field  circuit  of  the  fan  motor.  The  test  sample  was 
placed  beneath  the  opening  in  the  tube  and  a  gently 


August  1936 


PUBLIC    ROADS 


131 


Figure  1. — Steps  in  Performing  the  Cone  Test  on  Sand.  Left;  Tamping  Moist  Sand  in  the  Cone.  Upper  Right;  This 
Sand  Cone  Retained  Its  Shape  Indicating  the  Presence  of  Free  Moisture.  Lower  Right;  This  Sand  Cone 
Slumped,  Indicating  That  the  Material.  Had  Reached  a  Surface-Dry  Condition. 


moving  current  of  warm  air  blown  on  it.  With  this 
apparatus  the  drying  of  a  sample  could  be  accomplished 
in  about  1  hour. 


Table  1.- 


-Comparison  between  grading  of  test  samples  and  per- 
centages of  absorption 


VARIOUS  GRADINGS  USED  i 


Grading 

Item 

No.  1 

No.  2 

No.  3 

No.  4 

No.  5 

No.  6 

No.  7 

No.  8 

No.  9 

No. 
10 

Sieve  no.  4 

Sieve  no.  8_ 

Sieve  no.  16 

Sieve  no.  30 

Sieve  no.  50. 

Sieve  no.  100. 

Per- 
cent 
2 
24 
46 
80 
95 
100 

Per- 
cent 
0 
25 
47 
80 
95 
100 

Per- 
cent 
0 
14 
30 
73 
93 
100 

Per- 
cent 
1 
12 
27 
70 
90 
97 

Per- 
cent 
0 
8 
17 
60 
85 
100 

Per- 
cent 
1 

8 
17 
60 
85 
95 

Per- 
cent 
0 
0 
4 
45 
75 
100 

Per- 
cent 
0 
0 
4 
45 
75 
93 

Per- 
cent 
0 
0 
0 
40 
70 
100 

Per- 
cent 
0 
0 
0 
40 
70 
90 

Fineness  modulus. 

3.47 

3.47 

3.10 

2.97 

2.70 

2.66 

2.24 

2.17 

2.10 

2.00 

ABSORPTION  BY  VARIOUS  GRADINGS  OF  DIFFERENT  SANDS 


River  sand  no.  1-. 

Per- 
cent 
1.19 

Per- 
cent 

Per- 
cent 

Per- 
cent 
1.19 

Per- 
cent 

1.8 
1.9 
1.8 
.4 

Per- 
cent 
1.17 

Per- 
cent 

1.7 

Per- 
cent 
1.15 

Per- 
cent 

1.6 
1.7 
1.5 
.3 

Per- 
cent 
1   14 

River  sand  no.  2  ''. 
Pit  sand  no.  1.. 

2.1 

2.1 

1.9 

.4 

1.8 

i  Values  are  percentages  retained  on  the  various  sieves. 
1  Each  value  is  the  average  of  two  tests. 

COOPERATIVE  ABSORPTION  TESTS  ON  SANDS  PERFORMED 
BY  SEVERAL  LABORATORIES 

Following  the  establishment  of  a  presumably  satis- 
factory method  of  test,  a  large  number  of  tests  was 
made  by  different  operators  in  the  laboratory.  Typical 
values  for  absorption  are  given  in  table  2.  The  results 
of  these  tests  were  considered  so  promising  that  it  was 
decided  to  submit  this  method  to  a  number  of  other 


Table  2.— Results  of  cone  absorption  tests  on  various  sands 


Sample 
number 

Location 

Fine- 
ness 
modu- 
lus 

Absorp- 
tion 

Mincralogical    compo- 
sition ' 

34810 

Potomac  River,  D.  C 

3.00 

2.83 
2.85 
2.84 
2.81 
2.96 
2.87 
2.76 
2.86 
2.87 
3.00 

Percent 
1.4 
1.2 
1.2 
1.2 
1.2 
1.5 
1.2 
1.5 
1.3 
1.4 

.05 

.8 
3.7 
2.4 
2.4 
1.8 
1.8 
2.1 

.6 
1.7 

.4 
2.2 
2.7 
1.4 
1.9 
1.7 

.6 
1.7 

.9 
2 

L*3 

1.3 
2.5 
2.6 
1.4 
1.4 

.8 

.9 

.7 

Q,  S,  C 

34897 
34900 

do 

do 

Q,  S,  C. 
Q,  C,  S 

34901 

do 

Q,  C,  S. 

34902 

do 

Q,  C,  S. 

34904 

__  do 

Q,  C,  S. 

34919 

do 

Q,  C,  S. 

34921 

..  do 

Q,  C,  S. 

34922 

do 

Q,  C,  S. 

34927 

do 

Q,  S,  C 

Ottawa,  111 

Q. 

Q.  C 

34845 

3.00 
2.82 
2.81 
3.27 
2.53 
2.60 
2.88 
2.71 
2.64 
2.85 
2.87 
3.01 
3.08 
2.97 

34618 

Albany,  N.  Y 

S,  SI,  Sh,  Q,  L. 

34804 

..  do 

S,  Sh,  SI,  Q,  L. 

34621 
34805 

Alexander,  N.  Y 

Alfred  Station,  N.  Y 

L,  Q,  Sh,  S. 
S,  L,  Q,  C. 

34806 
34807 

Attica,  N.  Y _ 

Boonville,  N.  Y 

S,  SI,  Sh,  Q,  C,  L. 
Q,  F,  G,  C,  L. 

34623 
34808 

Clarence,  N.  Y 

Port  Jefferson,  N.  Y 

L,  S,  Q,  Sh,  G. 
Q. 

34809 
34620 

Springville,  N.  Y 

Near  Utica,  N.  Y 

S,  Sh,  SI,  L,  Q,  C. 
L,  Sh,  Q,  S. 

34903 
34826 

Comanche  County,  Okla 

Silica,  Ohio 

Q,  C,  F,  G. 

Limestone  sand. 

34977 

do 

Do. 

34861 

,  R.  I... 

34862 
34863 
32364 

do 

do 

Pon  Pon,  S.  C 

2.95 
2.61 
2.62 
2.55 
2.67 
2.60 
2.79 
2.89 
2.97 
3.04 

Q. 

31942 

Elizabethton,  Tenn 

Q,  S. 

31945 

Knoxville,  Tenn 

Q,  S,  C,  M. 

34943 

Nashville,  Tenn 

Q,  S,  C. 

34944 
34940 
34941 

do 

Siam,  Tenn 

..  do 

Q,  C,  S. 
Q,  s,  G. 
Q,  S,  G. 

34946 
34908 

Strawberry  Plains,  Tenn 

Limestone  sand. 
Q,  Sc,  Gn. 

34844 

Limestone  sand. 

'  Explanation  of  symbols  used: 


C  =  Chert 

Gn  =  Gneiss 

Q  =  Quartz 

Sh  =  Sbale 

F  =  Feldspar 

L=Limestone 

S  =  Sandstone 

SI = Slate 

G  =  Granite 

M  =  Mic; 

Sc=Schht 

laboratories  for  their  criticisms.  Several  laboratories 
were  accordingly  invited  to  cooperate  with  the  Bureau 
in  an  investigation  of  methods  of  determining  absorp- 
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tion.  The  following  laboratories  cooperated  in  the 
investigation: 

Duquesne  Slag  Products  Co. 
Indiana  State  Highway  Commission. 
Iowa  State  Highway  Commission. 
Michigan  State  Highway  Department. 
National  Crushed  Stone  Association. 
National  Sand  and  Gravel  Association. 
Pennsylvania  Department  of  Highways. 
Portland  Cement  Association. 
Rhode  Island  State  Board  of  Public  Roads. 
Virginia  Department  of  Highways. 
West  Virginia  State  Road  Commission. 
Bureau  of  Public  Roads. 

In  this  series  of  cooperative  tests,  each  laboratory 
was  requested  to  make  five  tests  by  each  of  four  dif- 
ferent methods  on  each  of  six  different  samples  of  fine 
aggregate.  The  methods  are  included  in  those  previ- 
ously described,  and  are  designated  in  the  tables  and 
figures  that  follow  by  the  following  numbers: 

1.  Kerosene  method. 

2.  A.  S.  T.  M.  Tentative  Method  C  95-33  T. 

3.  Cone  method. 

4.  Visual  inspection  method. 

The  samples  of  fine  aggregate  used  in  these  tests  were 
obtained  by  the  Bureau,  mixed  thoroughly,  and  suit- 
able portions  of  each  sent  to  the  cooperating  labora- 
tories. Effort  was  made  to  obtain  sands  having  a  con- 
siderable range  in  absorption,  and  the  samples  selected 
were  as  shown  in  table  3. 

Table  3. — Sands  used  in  cooperative  tests 


Sand 


Source 


1    

Massachusetts 

2 

New  York 

3 

South  Carolina 

4 

Kansas. . 

5 

Rhode  Island . 

6 

Ohio 

Mineralogical  composition 


Quartz,  granite,  diorite,  rhyolite,  feldspar, 

sandstone. 
Limestone,  sandstone,  quartz,  chert. 
Quartz. 

Quartz,  feldspar,  chert. 
Quartz,  feldspar,  granite,  slate. 
Limestone  (crushed  stone  sand). 


The  results  of  this  series  of  cooperative  tests  are 
shown  in  tables  4,  5,  and  6,  and  figures  2,  3,  and  4. 
Tests  were  made  in  one  laboratory  by  three  different 
operators,  and  the  results  for  this  laboratory  are  shown 
in  table  4.  The  individual  results  for  each  of  the  other 
laboratories  are  shown  in  table  5  and  the  average 
values  for  each  laboratory,  sand,  and  method  are 
grouped  together  to  permit  ready  comparison  in 
table  6. 

Figure  2  gives  the  average  value  obtained  by  all 
laboratories  for  each  sand  by  each  method  of  test. 
With  the  exception  of  sand  number  3,  the  values  ob- 
tained by  the  use  of  the  kerosene  method  are  consider- 
ably lower  than  those  for  the  other  test  methods. 
This  may  have  been  caused  by  the  removal  of  a  portion 
of  the  kerosene  from  the  sand  grains  when  the  flask 
was  shaken  to  free  the  excess  kerosene,  or  it  may  have 
been  caused  by  the  retention  of  a  portion  of  the  sample 
by  the  floating  kerosene.  In  either  case  the  result 
would  be  the  same  in  that  an  excessive  quantity  of 
salt  water  would  be  added  to  the  flask.  This  would 
of  course  decrease  the  difference  between  the  volumes 
of  fresh  and  salt  water  and  would  furnish  a  low  value 
for  the  percentage  of  absorption.  The  average  values 
for  the  cone  method  were  found  to  be  slightly  higher 
than  those  for  the  tentative  A.  S.  T.  M.  or  visual  in- 
spection methods,  but  the  difference  in  results  was 
marked  only  in  the  case  of  the  stone  sand  sample, 
number  6. 


Table  4. — -Individual  lest  results  of  percentage  of  absorption  for 
laboratory  no.  1 


Sand 

Test 

Method  1, 
operator 

Method  2, 
operator 

Method  3, 
operator 

Method  4, 
operator 

1 

2 

1 

2 

3 

1 

2 

3 

1 

_> 

3 

2-\---~\. 

Per- 
cent 
0.1 

1 2 

!i 

.0 
.0 

Per- 
cent 
0.3 
.3 
.1 
.3 
.3 

Per- 
cent 
0.6 

.7 
.8 
.8 
.9 

Per- 
cent 
0.6 

.7 
.8 
.8 
.8 

Per- 
cent 
0.8 
.6 

.7 
.8 
.7 

Per- 
cent 
0.8 
.  7 
.8 
.9 
.7 

Per- 
cent 
0.8 

.8 
.8 
.8 

Per- 
cent 
0.8 

.8 
.8 
.9 
.8 

Per- 
cent 
0.6 

.  7 
.  7 
.8 
.9 

Per- 

ct  nl 
0.6 

'.8 

.8 
.8 

Per- 
cent 
0.8 
.7 
.7 
.7 
.7 

3. 

1 

(4 

,    Average... 

.i 

.3 

.8 

.7 

.7 

.8 

.8 

.8 

.7 

.7 

.7 

1... 

2 

.  5 
.4 
.4 
.3 

.1 

.8 
.5 
.6 
.6 
.8 

1.5 
1.7 
1.6 
1.7 
1.4 

1.4 
1.6 
1.5 
1.7 
1.6 

1.8 
1.9 
1.7 
1.8 
2.0 

1.6 
1.7 
1.7 
1.7 
1.7 

1.6 
1.7 
1.8 
1.8 

1.7 

1.9 
1.8 
1.8 
2.0 
2.0 

1.5 
1.7 
1.6 
1.7 
1.7 

1.5 
1.5 
1.5 
1.6 
1.6 

1.8 
1.9 
1.8 
1.8 
2.0 

2 

5 

Average... 

.3 

.7 

1.6 

1.6 

1.8 

1.7 

1.7 

1.9 

1.6 

1.5 

1.9 

3 

3 

4 

.2 
.2 
.2 

t  Q 

.1 
.2 
.  1 
t  2 
.1 

.2 
.2 
.2 
.2 
.3 

.1 
.2 
.1 
.1 
.1 

.2 
.2 
.2 
.2 
.1 

.2 

.2 
.3 
.2 
.3 
.3 

.2 
.2 
.2 
.3 
.2 

.2 
.3 
.3 
.2 
.2 

.2 
!2 
.2 
.2 
.2 

.1 
_  o 

.1 

.1 
.1 

.2 
.2 

.2 
.2 
.2 

,    Average... 

_  o 

.  1 

.2 

.1 

.3 

.2 

.2 

.2 

.1 

.2 

/I 

#  o 
.3 
.1 
.0 
.1 

.1 

!o 

.0 

.0 

.7 
.7 

.6 

.7 
.5 
.7 
.5 
.5 

.8 
.5 
.6 
.6 

.7 

.7 
.7 
.6 
.6 

.  / 
.7 
.6 
.6 
.7 

.7 

.  7 
.6 

!5 
.6 
.6 
.6 

.7 
.8 
.7 

.7 
.7 

4 

2 

3 

4 

5 

Average.. . 

.1 

.i 

.  7 

.6 

.6 

.7 

.7 

.7 

.7 

.6 

.7 

2~~." .-"_'..'_ 
3 

.0 
.0 
.0 
.0 
.0 

.3 

t  2 

.i 

.3 

.6 

.7 

.  7 
.6 

.7 
.6 
.7 
.8 
.6 

.8 
.6 

.7 
.7 
.7 

.7 
.6 
.7 
.7 
.7 

.  7 
.8 

.8 

.  7 

.6 

.6 
'.6 

.6 
.6 
.6 

.5 

.8 

.6 

7 

5 _ 

4.--. 

5 

1.0 
.7 

Average... 

.0 

.2 

.  7 

.7 

.7 

.7 

.7 

.7 

.7 

.6 

.8 

n. 

.6 

!o 

.4 
.0 

.8 

.8 
.4 

1.5 
1.6 
1.5 
1.2 

1.6 

1.3 
1.2 
1.2 
1.6 
2.1 

1.8 
1.6 
1.5 
1.9 

1.7 

1.9 
1.6 
1.5 
2.0 
1.3 

1.7 

1.3 
1.8 
1.4 
1.1 
1.7 

1.3 
1.1 
1.4 
1.4 
1.7 

I" " 

6 

4 

5 

Average... 

.3 

.7 

1.5 

1.5 

1.7 



1.5 

1.4 



Table   5. — Individual   test   results   on   percentage   of  absorption 
USING  METHOD  1 


Sand 

Test 

Laboratory  no. 

0 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

fl... 

0.25 

1.20 

0.38 

0.52 

0.28 

0.80 

0.33 

0.70 

0.50 

0.15 

2 

.70 

1.10 

.79 

.80 

.23 

.40 

.70 

.43 

Tr. 

1 

is 

1.02 

.55 

.7 

.25 

.37 

.73 

.38 

.21 

4 

.55 

.47 

1.97 

.85 
.55 

.80 

.82 
.24 

.77 

.5 

.4 

.95 

.28 
.25 

.50 

.25 
.32 

.75 

.65 

.65 

1.02 

.35 
.38 

.98 

15 

[1... 

.47 

2-_. 

.81 

.65 

.55 

.67 

.48 

.60 

1.15 

.93 

.53 

2 

J3 

.60 

.80 

.38 

.9 

.50 

.62 

.99 

.88 

.75 

4 

1.33 
.60 

.55 
.53 

.10 
.30 

1.00 

.58 
.62 

.12 
.15 

.7 
1.0 

.42 
.42 

.58 
.50 

.25 
.20 



.82 
.70 

.17 
.27 

1.09 
1.06 

.28 
.30 

.95 

.85 

.40 
.23 

u 



.04 

2___ 

.13 

3 

J3 

.47 

.90 

.20 

.4 

.28 

.17 

.30 

.20 

.14 

4 

.75 
.47 

.50 

.80 

.50 

1.00 

.21 
.22 

.00 

.8 
.5 

.00 

.28 

.35 

.05 

.15 
.15 

.22 

.31 

.28 

.40 

.15 
.25 

.50 

Ik 

n... 

.14 

|2 

.63 

.65 

.00 

.42 

.10 

.25 

.43 

.48 

(') 

4 

<3 

.32 

.90 

.05 

.00 

.03 

.07 

.40 

.53 

(') 

4 

.20 
.35 

.37 
.35 

.50 

.1 

.5 
.0 

.50 
.75 

.10 
.08 

.43 

.38 

::: 

.05 
.05 

.30 
.22 

.43 
.39 

.45 
.43 

.60 
.48 

.65 
.63 



(5 

1.10 
1.35 

.23 

.20 



(11 

2... 

.07 

5 

J3 

.32 

.85 

.12 

.5 

.33 

.20 

.40 

.55 

.12 

4 

.25 

1.15 

.26 
.12 

.77 
.75 

.6 

.7 

.52 

.95 

.38 
.38 

.25 
.38 

.22 
.22 

1.92 
1.71 

.41 
.40 

1.16 
1.13 

.68 
.60 

1.13 
1.10 

5 

.25    105 

1.49 
1.46 

.25 
.15 

2... 

.51 

6 

<3 

1.68 

.75 

.85 

.5 

.58 

1.65 

1.13 

.93 

.74 

4 

1.26 
1.50 

.35 

.45 

.75 
.45 

.7 
.9 

.63 
.50 

2.08 

1.88 

1.10 
1.00 

1.05 
.83 

15 

1  Negative  value  obtained. 
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Table  5. — Individual  test  results  on  percentage  of  absorption — 
Continued 

USING  METHOD  2 


Sand 


Test 


fl... 


4. 

•1 

2 

.5 

•1 _ 

2 

'i.'.'.WW 
4 

fl 

2 

\z~-V-~~. 

4 

5 


[1 

2 
\Z~S.~-~-~~- 

4 

5 


Laboratory  no. 


2         3         4         5         6         7 


Pet. 

0.77 
1.10 
.77 
.67 


.87 
1.36 
1.18 

.99 


.23 
.91 
.85 
.73 
.61 

.46 
1.02 
.48 
.81 
.67 

.48 
.87 
1.10 
.91 

.57 

1.29 
1.31 
1.59 
1.35 
1.30 


Pet. 

0.91 
.87 
1.02 
1.00 


1.69 
1.61 
1.55 
1.61 
1.64 

.25 
.27 
.24 
.22 
.27 


.55 
.59 

.74 

.76 
.62 
.65 


1.41 
1.55 
1.41 
1.38 
1.52 


Pet. 

0.60 
.58 
.68 
.66 


1.48 
1.12 
1.42 
1.32 
1.40 

.16 
.28 
.34 
.40 
.22 

.62 

.42 
.74 
.68 
.80 


.48 
.70 
.38 
.52 

1.09 
1.21 
1.10 
1.04 
1.17 


Pet. 
0.3 
.5 
.3 
.4 
.5 

.5 
.6 
.7 
.5 
.4 

.6 
.6 
.3 
.3 
.3 


Pet. 

0.64 


1.95 
2.41 
2.12 
1.66 
2.25 

.10 
.12 
.08 
.01 
.08 

.61 
.74 
.76 
.56 
.60 


.75 
.71 
1.08 


Pet. 

0.72 


.55 
.64 

1.86 
1.90 
1.84 
1.87 
1.74 

.10 
.10 
.10 
.10 
.10 

.61 
.56 
.64 

.57 
.53 

.50 
.51 
.57 
.56 
.56 

1.50 
1.35 
1.43 
1.14 
1.19 


Pet. 

0.91 
.86 

1.02 
.96 
.90 

1.56 
1.50 
1.46 
1.56 
1.56 

.15 
.30 
.30 
.15 

.15 

.45 
.50 
.40 
.50 
.50 

.60 
.50 
.50 
.60 
.50 

1.47 
1.26 
1.27 
1.37 
1.27 


9        10       11        12 


Pel. 

0.54 
.49 
.46 
.46 

.54 

1.11 
1.13 
1.09 
1.11 
1.19 

.12 

.08 
.12 
.17 
.10 

.47 
.44 
.40 

.42 
.40 

.42 
.45 
.38 
.38 
.38 

.95 
1.07 
1.03 

.96 
1.11 


Pet 

0.40 

.23 

22 

!20 

.17 

1.31 

1.24 
1.40 
1.37 
1.20 

.16 
.18 
.15 
.16 
.16 

.61 
.57 
.55 
.59 
.54 

.49 
.53 
.42 

.51 
.47 

1.43 

1.27 
1.51 
1.41 
1.35 


Pet. 

0.76 
.79 
.83 

.75 
.80 


USING  METHOD  3 


USING  METHOD  4 


Pet. 

0.45 
.40 
.43 


1.21 
1.22 
1.18 


.10 
.15 
.16 


.54 
.58 
.46 


.44 
.46 
.44 


fl 

1.38 

0.92 

0.77 

0.6 

0.90 

0.72 

0.84 

0.78 

0  45 

0  78 

0  72 

2 

1.47 

.70 

.82 

.7 

.86 

.77 

.85 

7!i 

59 

76 

75 

1 

1.90 

.72 

.79 

.6 

.90 

.76 

.92 

.75 

.58 

.75 

.76 

4_ __ 

.59 

.66 

.76 

1.3 

.93 

.80 

.91 

.81 

.62 

.78 

lJ 

.61 

.81 

.83 

1.0 

.86 

.80 

.88 

.79 

.54 

.79 



fl... 

2.05 

1.62 

1.64 

1.3 

1.60 

1.57 

1.72 

1.54 

1.10 

1.58 

1.43 

2... 

1.75 

1.63 

1.46 

.8 

1.67 

1.52 

1.62 

1.57 

1.05 

1.52 

1.34 

2 

i'i 

2.08 

1.49 

1.47 

.8 

1.57 

1.66 

1.59 

1.55 

1.27 

1.56 

1.47 

u 

2.46 

1.49 

1.62 

1.5 

1.35 

1.70 

1.69 

1.57 

1.24 

1.49 

I5 — 

2.43 

1.56 

1.67 

1.5 

1.74 

1.57 

1.62 

1.61 

1.30 

1.72 



fl... 

.98 

.27 

.24 

.3 

.24 

.25 

.25 

.18 

.10 

.17 

19 

58 

19 

.19 

.5 

.15 

2? 

2? 

22 

.  14 

.15 

3 

■  3 

.66 

.25 

.22 

.5 

.21 

.25 

.25 

.23 

.14 

.21 

4 

.65 

.24 

.17 

.6 

.19 

.18 

.22 

.18 

.14 

.65 
.69 

.29 
.53 

.17 
.57 

.6 
.4 

.19 
.59 

.20 

.78 

.27 

.72 

.22 
.59 

.12 
.58 

.57 

2 

1.31 

.62 

.58 

.9 

.53 

.71, 

.72 

.60 

.50 

.51 

4 

<3 

.16 

.44 

.62 

.5 

.45 

.70 

.67 

.61 

.55 

.56 

|4 

.36 

.62 

.59 

.  7 

.48 

.76 

.70 

.62 

.57 

'5 - 

.60 

.59 

.50 

.8 

.52 

.66 

.72 

.63 

.58 





fl... 

.27 

.71 

.77 

.8 

.03 

.55 

.80 

.69 

.57 

.75 

2... 

.15 

.66 

.75 

.8 

.63 

.62 

.75 

.73 

.59 

.77 

5 

yj 

.21 

.65 

.66 

.6 

.70 

.68 

.  75 

.68 

.58 

.80 

[4 

.39 

.71 

.66 

1.  1 

.65 

.61 

.80 

.70 

.57 

.47 
1.68 

.71 
1.60 

.77 
1.99 

1.3 
1.3 

.60 
1.27 

.65 
1.76 

.80 
2.02 

.  72 
1.54 

.55 
1.25 

1.11 

- 

2.20 

1.75 

1.68 

1.1 

1.42 

1.57 

2.04 

1.98 

1.16 

1.09 

6 

■j.3 

2.30 

1.60 

1.80 

1.0 

1.45 

1.77 

1.84 

1.55 

1.18 

1.21 

4 

2.25 
2.20 

1.75 
1.62 

1.55 
1.62 

1.8 

1.4 

1.22 
1.18 

1.97 
2.00 

1.94 
2.06 

1.41 
1.61 

1.10 
1.  12 

15 

fl... 

0.98 

0.71 

0.61 

1.2 

0.65 

0.69 

0.40 

0.70 

0.39 

0.79 

0.32 

o 

.93 

.76 

.65 

1.1 

.66 

.75 

.41) 

.76 

.37 

.  77 

.40 

3 

1.43 

.89 

.58 

.6 

.67 

.60 

.40 

.73 

.47 

.81 

.38 

1 

.81 

.77 

.68 

.8 

.64 

.56 

.29 

.71 

.311 

.73 

1 

»— — 

6 

.87 

.68 

.64 

.6 

.67 

.30 

.56 
.50 

.58 
.50 

1.30 

.50 

.71 

.51 

.74 



8 

J... 

1.39 

1.61 

1.32 

1.9 

1.31 

1.41 

1.40 

1.28 

1.  10 

•> 

1.64 

1.52 

1.50 

2.0 

1.19 

1.58 

1.25 

1.37 

1.32 

.99 

2 

<3 

1.79 

1.56 

1.19 

.  / 

1.  14 

1.52 

1.28 

1.33 

1.35 

1.05 

4.. 

1.91 

1.51 

1.38 

.9 

1.26 

1.53 

1.45 

1.  42 

1.28 

15 

1.24 

.50 
.48 
.63 

1.57 

.20 
.23 
.22 

1.39 

.22 
.20 

.35 

.6 

1.1 
1.2 
.6 

1.29 

.09 

.08 
.18 

.18 
.17 
.23 

1.45 

.10 
.13 
.  15 

1.36 

.22 
.24 
.21 

1.32 

.13 
.10 

.  11 

(1 

13 

2 

.  10 

4 

<3... 

.14 

14    .. 

.26 

.25 

.22 

.31 

.20 
.16 

.5 
.5 

.15 
.12 

.19 
.16 

.13 
.13 

.22 
.23 

.14 

.  11 

5 

Table  5. — Individual  test  results  on   percentage  of  absorplion- 
Continued 

USING  METHOD  4-Contimied 


Laboratory  no. 

Sand 

Tost 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet 

(1.. 

0.83 

0.56 

0.52 

1.0 

0.51 

0.60 

0.32 

0.70 

0.48 

0.42 

2 

.71 

5? 

,66 

9 

60 

49 

35 

.67 

.54 

.36 

4 

•J3_._ 

.78 

.56 

.56 

.4 

.50 

.53 

.38 

.67 

.52 

.36 

4 

.86 

.43 

.50 

.4 

.50 

.55 

.45 

.65 

.40 

i5 

1.02 

.56 

.58 

.5 

.51 

.49 

.43 

.60 

.50 





fl... 

1.59 

.54 

.57 

1.3 

.44 

.66 

.55 

.75 

.41 

.33 

2 

1.07 

.59 

.72 

1.2 

.46 

.58 

.60 

.69 

.39 

.40 

5 

1<* 

1.77 

.59 

.50 

.8 

.51 

.61 

.58 

.75 

.34 

.40 

4 

1.84 
1.43 

1.33 

.58 
.59 

1.42 

.53 
.59 

1.21 

.5 
.9 

1.3 

.49 

.48 

1.41 

.65 

.65 

1.64 

.50 
.45 

1.59 

.77 
.71 

1.07 

.34 

.40 

1.22 

u 

.50 

2 

1.43 

1.35 

.99 

1.3 

1.74 

1.61 

1.54 

1.12 

1.16 

.57 

6 

<3 

1.70 

1.45 

1.25 

.7 

1.59 

1.20 

1.61 

1.16 

1.16 

.59 

4 

1.45 
1.45 

1.33 
1.40 

1.17 
1.12 

.9 
.6 

1.12 
1.36 

1.74 
1.61 

1.63 
1.48 

1.01 

1.11 
1.15 

Table  6. — Average  values  for  percentage  of  absorption  of  various 
sands,  determined  by  various  methods  in  various  laboratories 


Sand 


Method 


fl 

2 

3 

4.. 


Laboratory 


Pet 
0.2 


Pet. 
0.60 
.83 
1.11 
1.00 

1.06 
1.06 
2.15 
1.59 

.5, 
.11' 
.70 
.42 

.40 
.69 
.62 


.31 
.79 
.30 
1.54 

1.48 
1.37 
2.11 
1.47 


Pet 

0.  93 
.94 

.7f 

.76 

.53 
1.62 
1.56 
1.55 

.80 
.25 
.25 
.24 

.76 
.71 
.56 
.53 


.58 

.39 

1.45 
1  61 
1.39 


0.6 
.6 
.8 
.6 

.6 
1.4 
1.6 
1.4 

.2 
.3 
.2 
.2 

.0 
.6 
.6 
.6 

.2 

.6 


Pet 
0.6 

.4 
.8 
.9 

.9 
.5 
1.2 
1.2 

.5 
.4 

.5 


Pet 
0.20 
.73 
.89 
.66 

.51 
2.08 
1.59 
1.24 

.27 
.08 
.20 
.12 

.07 
.65 
.51 
.52 

.38 
.86 
.04 


Pet 
0.80 
.69 
.77 
.56 


1 

1.60 

1. 


1.32 
1.82 
1.56 


Pet. 

0.33 

.93 

.88 
.40 

.70 
1.53 
1.65 
1.37 

.18 
.21 
.24 
.  13 

.13 
.47 
.71 
.39 

.23 
.54 
.78 
.54 

1.85 
1.33 

1.98 
1.57 


Pet 
0.67 
.50 
.78 
.72 

1.06 
1.13 
1.5 
1.38 

.29 
.12 

.21 
.22 

.41 
.43 
.61 
.66 

.42 
.40 
.70 
.73 

1.10 
1.02 
1.63 
1.  09 


10      11      12 


Pet. 

0.41 
.24 
.55 
.42 

.92 
1.30 
1.19 
1.31 

.25 
.16 
.13 
.12 

.52 
.57 
.56 


.57 
.38 

I  (I! 
1  10 
1  16 
1.  16 


Pet. 

0.34 

.79 

.77 
.77 

.66 
1.62 

1.58 
1.61 

.42 
.21 
.24 
.23 

.36 
.61 
.65 
.63 

.44 
.73 
.79 
.72 


1.67 

1.42 
1.48 


Pet. 

0.18 
.43 
.74 
.37 

.58 
1.20 
1.4! 
1.05 

.10 
.14 

.  is 
.12 

.14 
.53 

.55 
.38 

.10 
.45 
.77 
.38 

.62 
.82 
1.14 
.55 


Av- 
er- 
age 


Pet. 

0.49 
.65 
.80 
.65 

.73 
1.42 
1.57 
1.41 

.34 
.24 
.27 
.25 

.28 
.57 
.62 

.57 

.41 

.61 
.68 


.87 
1.18 
1.58 
1.28 


CONE  METHOD  FOUND  TO  GIVE  MOST  CONSISTENT  RESULTS 

It  is  possible  that  the  extreme  angularity  of  the  stone 
sand  was  the  determining  factor  in  causing  the  higher 
value  in  the  cone  test  than  in  the  A.S.T.M.  or  visual 
inspection  tests.  It  is  also  possible  that  there  may  have 
been  some  cementing  of  the  particles  by  the  dust  present 
in  the  material.  On  the  other  hand,  the  dust  present 
in  the  stone  sand  may  have  had  such  an  affinity  for 
moisture  that  the  A.S.T.M.  and  visual  inspection  tests 
continued  to  show  water  present  although  the  larger 
portion  of  the  sample  was  only  partially  saturated.  This 
would  account  for  the  lower  values  obtained  by  the 
use  of  these  two  methods. 

In  figure  3,  the  percentage  deviation  of  the  average 
result  for  each  laboratory  from  the  average  for  all 
laboratories  is  given  for  each  method.  Each  value 
is  an  average  for  all  six  sands,  except  that  the  reported 
value  for  laboratory  7  for  the  kerosene  method  (no.  1) 
is  for  one  sand  only.  These  values  show  that  the  cone 
method  (no.  3)  furnished  test  results  that  were  most 
nearly    duplicated    by    different    laboratories.     Using 
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3  4 

METHOD   NUMBER 

Figure  2. — Average  Results  Obtained  by  All  Labora- 
tories With  Each  Method  for  Determining  the  Ab- 
sorption by  Sand. 

the  cone  method,  only  1  laboratory  (no.  2)  showed  a 
marked  deviation  from  the  average,  and  8  of  the  12 
laboratories  had  deviations  of  15  percent  or  less.  The 
average  deviation  for  all  laboratories  was  17  percent. 

The  visual  inspection  method  appears  to  be  the 
second  most  accurate.  Three  laboratories  showed 
wide  variations  from  the  average  but  six  had  variations 
of  15  percent  or  less.  The  average  deviation  was  24 
percent.  The  tentative  A.  S.  T.  M.  method  (no.  2) 
gave  about  the  same  average  variation  (26  percent) 
as  the  visual  inspection  method,  but  only  two  labora- 
tories had  deviations  of  15  percent  or  less,  while  seven 
laboratories  showed  deviations  of  16  to  30  percent. 
The  kerosene  method  was  the  least  accurate  of  those 
under  consideration.  Only  two  laboratories  showed 
deviations  of  less  than  30  percent  and  results  deviating 
from  the  average  by  over  50  percent  were  found  in 
four  laboratories.  The  average  deviation  for  the  kero- 
sene method  was  47  percent. 

The  deviations  within  a  given  laboratory  as  shown 
in  figure  4  indicate  that  concordant  results  are  usually 
obtained  by  the  use  of  the  tentative  A.  S.  T.  M.,  cone, 
and  visual  inspection  methods.  In  most  cases  the 
kerosene  method  failed  to  furnish  results  agreeing  with 
each  other  to  a  satisfactory  degree. 

In  considering  the  entire  series  of  tests,  the  cone 
method  appears  to  be  the  most  satisfactory  means  of 
determining  the  absorption  by  sand.  It  furnishes  more 
concordant  results  between  different  laboratories  than 


9  10  II 

LABORATORY    NUMBER 


Figure  3. — Deviation  of  Average  Results  for  Each 
Laboratory  From  Average  for  All  Laboratories.  Values 
Are  Averages  for  All  Sands. 


9  10  II 

laboratory  number 

Figure  4.- — Average  Deviation  of  Individual  Results 
Obtained  in  Each  Laboratory  From  Average  Results 
for  That  Laboratory. 

any  of  the  other  methods  under  consideration,  and 
permits  an  operator  to  check  his  own  work  with  an 
average  variation  of  less  than  10  percent.  The  average 
values  for  percentage  of  absorption  found  by  this 
method  agree  very  closely  with  those  of  the  tentative 
A.  S.  T.  M.  and  visual  inspection  methods.  The  tena- 
tive  A.  S.  T.  M.  and  visual  inspection  methods  give 
very  good  agreement  between  the  results  of  tests  made 
by  a  single  operator  and  fair  agreement  between  the 
results  of  different  laboratories.  The  kerosene  method 
is  found  to  give  low  and  very  erratic  results  and  further 
use  of  this  method  is  not  recommended. 

The  cone  method  has  been  adopted  by  the  American 
Association  of  State  Highway  Officials  for  use  in  their 
standard  method  of  test  for  specific  gravity  and  ab- 
sorption of  fine  aggregate.11  It  has  also  been  adopted 
tentatively  by  the  Joint  Committee  on  Methods  of 
Test  for  Specific  Gravity  of  Aggregates  of  Committees 
C-9  and  D-4,  A.  S.  T.  M.,  for  use  in  connection  with  the 
committees'  recommendations  regarding  the  unification 
of  the  various  society  methods  for  determining  specific 
gravity.  These  recommendations  are  now  before  the 
two  committees  for  consideration. 


"  Method  T-84,  American  Association  of  State  Highway  Officials  Book  of  Standard 
Specifications  for  Highway  Materials  and  Methods  of  Sampling  and  Testing,  1935. 
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MOTOR-FUEL  CONSUMPTION,  1935 

[Preliminary  figures,  compiled  for  calendar  year  from  reports  of  State  authorities  >  J 


State 


Alabama 

Arizona 

Arkansas 

California 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine. 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West  Virginia 

Wisconsin 

Wyoming 

District  of  Columbia 

Total 


Tax  rate  per 
gallon 


On 

Jan.  1 


Cents 
6 

5 

3 

4 
2 
3 
7 
6 
5 
3 
4 
3 
3 
5 
5 
4 
4 
3 
3 
3 
6 
2 
5 
4 
4 
4 
3 
5 
3 
6 
3 
4 
4 
5 
3 
2 
6 
4 
7 
4 
4 
4 
5 
5 
4 
4 
4 
2 


On 
Dec.  31 


Cents 
6 
5 

6K 
3 
4 
3 
4 
7 
6 
5 
3 
4 
3 
3 
5 
5 
4 
4 
3 
3 
3 
C 
2 
5 
5 
4 
4 
3 
5 
4 
6 
3 
4 
4 
5 
4 
2 
6 
4 
7 
4 
4 
4 
5 
5 
4 
4 
4 
2 


Date  of 

rate 
change 


Oct.    1 
July   1 


(1!) 


Apr.   1 


July   1 


(Weighted   average   rate 
\    (approx.)  3.8  cents. 


Gross 

amount 

assessed 

for  taxation 


1,000 
gallons 
172, 474 

78, 359 
131,784 
1,  464, 458 
174,  796 
269,  909 

45, 085 
256,  609 
264, 617 

70,  310 
1, 069,  242 
504, 867 
421,765 
295,  308 
201,  324 
186,  201 
119,821 
217,  665 
608, 021 
809,  472 
429,  486 
140, 808 
512,  654 

95,  739 
222,  584 

26,  209 

73,903 
621,031 

62, 881 

1,537,475 

312,012 

112,446 

»  1,  014,  925 

314,  558 

183,  005 

1, 171,  439 

114,754 

143,  014 

112,634 

216,  395 

934,  453 

69,  396 

51,  388 
288,  036 
274,  691 
159, 120 
442,  436 

48,  241 
112,539 


17,160,339 


Amount 
suhjectto 
refund  of 
entire  tax 


1,000 
gallons 


11,036 


124,321 
22,  472 
6,128 
2,137 


6,352 
54, 223 
32, 857 
35,  276 


12,815 
23,  788 
41,485 
54,  785 


14,  304 

18,  346 

3,419 

2,163 

1,911 

13  26,  569 

4,894 

41,612 


33,  569 

10,  829 

W  14,  965 

21,812 

8,621 

9 
98,511 

15,867 

22,  090 

6,015 

36,  527 

796 

556 


811,060 


Net  amount 

on  which 

tax  was 

earned 


1,000 
gallons 
172, 474 

67,  323 

131,784 

1,  340,  137 

152,  324 

263,781 

42,  948 
250,  609 
264,617 

63,  958 
1,015,019 
472,010 
386, 489 
295,  308 
201, 324 
186,  201 
119,821 
204, 850 
584,  233 
767, 987 
374,  701 
140, 808 
498,  350 

77,  393 
219, 165 

24,046 
71,992 

594,  462 

57,  987 

1,  495,  863 

312,012 

78,  877 
I .  i  ii  u ,  i  >■.»; 

299,  593 
161, 193 
1,171,439 
106, 133 
143,  014 
112,634 
216,  386 
835,  942 
69,  396 
51,  388 
272, 169 
252,  601 
153, 105 
405,  909 
47,  445 
111,983 


16,  349,  279 


Amount 
taxed  at 
full  rate  2 


1,000 
gallons 
172, 474 

67, 323 
120,  294 
1,340,137 
152, 324 
263, 781 

42, 948 
256, 609 
264, 617 

63,  743 
1,015,019 
472, 010 
386,  489 
295, 308 
201,  324 
186,  201 
114,532 
203, 072 
584,  233 
767, 987 
374,701 
123,  291 
498, 350 

77,  393 
219, 165 

24, 046 
71,  992 

594,  432 

57, 987 

1, 495,  863 

305,  579 

78,  877 
965,  240 
299,  593 
160,  434 

1, 171,  439 
106, 133 
143,  014 

97,415 
216,  386 
835,  942 

69,  396 

51,  388 
272, 169 
252,  601 
153, 105 
405,  909 

47,  445 
111,983 


16,  251,  693 


Amount  taxed  at 
reduced  rates 


Rate 

per 

gallon 


Cents 


0) 


2!': 


Amount 


1,000 
gallons 


11,490 


'215 


!  5  289 

»  1, 778 


i<30 


ii  6, 433 
5  38,856" 

"""759 


i»15,219 


97,  586 


Approximate  amount 
taxed  for  highway 
use  3 


1935 


1,000 

gallons 

•172,474 

67, 323 

•131,784 

1,  340, 137 

152,  324 

263,  781 

42,  948 

•256, 609 

•264,617 

63,  743 

1,015,019 

472,010 

386, 489 

295,  308 

•201,324 

•186,201 

114,532 

204,  850 

584,  233 

767, 987 

374,  701 

123, 291 

498, 350 

77,  393 
•219, 165 

24, 046 
71,992 

594,  432 

57, 987 

1,  495,  863 

305, 579 

78,  877 
965,  240 
299,  593 
160,  434 

•1,171,439 
106,  133 

•143,014 
97,  415 

•216,  386 
835, 942 
•69,  396 
•51, 388 
272, 169 
252,  601 
153, 105 
405,  909 
•47,  445 
111,983 


16,264,961 


1,000 

gallons 

•154,977 

60, 565 

5  119,680 

1, 198,  655 

143,  290 

248, 658 

39,  514 

•235,698 

•239,435 

57,300 

970,  874 

438, 743 

374, 998 

283, 876 

•184,369 

•178,434 

110,924 

195,  663 

566,  735 
698, 681 
361,512 
112,666 
478,  764 

73,  271 

•214,  257 

22, 355 

68,641 

567,  727 
51, 134 

1,  464,  242 
273,  686 
75, 390 
910,214 
270,  432 
144,917 
•1,113,629 
102,  834 

•128,  646 
89,  245 

•201,  627 
791,005 
•62,  858 
•48,  550 
249,  540 
239, 187 
142,  393 
384,  981 
•44,111 
103, 129 


15,  292,  012 


Per- 
cent- 
age 
change 


+11.3 

+11.1 
(6) 

+11.8 
+6.3 
+6.1 
+8.7 
+8.9 

+10.5 

+11.2 
+4.5 
+7.6 
+3.1 
+4.0 
+9.2 
+4.4 
+3.3 
+4.7 
+3.1 
+9.9 
+3.6 
+9.4 
+4.1 
+5.6 
+2.3 
+7.6 
+4.9 
+4.7 

+13.4 
+2.2 

+11.7 
+4.6 
+6.0 

+10.8 

+  10.7 
+5.2 
+3.2 

+  11.2 
+9.2 
+7.3 
+5.7 

+  10.4 
+5.8 
+9.1 
+5.6 
+7.5 
+5.4 
+7.6 
+8.6 


+6.4 


1  A  more  accurate  analysis  of  motor-fuel  consumption  during  1935  will  be  issued 
later.  The  amounts  tabulated  as  "subject  to  refund"  represent,  for  the  majority  of 
States,  the  amounts  on  which  refunds  were  paid  or  allowed  during  the  year,  rather 
than  the  amounts  of  fuel  subject  to  refund  which  were  purchased  or  consumed  during 
the  year.  The  adjustments  necessary  in  order  to  tabulate  the  amounts  of  such  fuel 
actually  consumed  during  the  year  have  not  been  made  on  this  table. 

2  In  the  case  of  States  in  which  the  tax  rate  changed  during  the  year,  amounts 
taxed  at  both  the  old  and  the  new  rate  are  included. 

3  13  States  do  not  provide  for  exemptions  or  refunds  for  nonhighway  uses.  The 
amounts  entered  for  these  States,  indicated  by  stars,  include  both  highway  and 
nonhighway  uses. 

*  Within  300  feet  of  border  tax  rate  is  same  as  that  of  adjacent  State.  Gallons  taxed 
at  2  cents,  1,836,000;  at  4  cents,  9,084,000;  at  5  cents,  570,000. 

s  Estimated  by  State. 

6  As  the  1935  figures  represent  both  highway  and  nonhighway  use  they  are  not 
comparable  with  the  1934  figures.  The  percentage  increase,  based  on  the  net  amount 
taxed,  was  4.9  percent.  In  obtaining  the  nation-wide  percentage  increase  this  slight 
discrepancy  was  neglected. 


7  Motor  fuel  used  in  aviation. 

8  3  cents  per  gallon  refunded  on  nonhighway  uses. 

8  1  cent  per  gallon  refunded  on  motor  fuel  used  in  vehicles  licensed  to  operate  exclu- 
sively in  cities. 

i°  m  cents  per  gallon  refunded  on  motor  fuel  used  in  interstate  aviation.  Amount 
not  reported. 

n  5  cents  per  gallon  refunded  on  nonhighway  uses. 

"  Tax  rate  4  cents  per  gallon  to  Mar.  1,  5  cents  to  Sept.  20,  4  cents  to  Nov.  26,  and 
5  cents  thereafter. 

■3  Prior  to  July  1  nonhighway  uses  were  exempted  from  initial  payment  of  the 
tax.    Beginning  July  1  refunds  were  allowed. 

"  1  cent  per  gallon  refunded,  prior  to  Julv  1,  on  motor  fuel  used  in  pleasure  boats. 

is  Does  not  include  63,535,000  gallons  of  liquid  fuel  (kerosene,  fuel  oil,  etc.)  taxed 
at  1  cent  per  gallon  but  not  subject  to  the  3-cent  tax  on  motor-vehicle  fuel. 

i"  Prior  to  Mar.  10,  agricultural  uses  were  exempted  from  initial  payment  of  the 
tax.    Beginning  Mar.  10  refunds  were  allowed. 

i'  4  cents  per  gallon  refunded  on  motor  fuel  used  in  aviation. 

■•  2  cents  per  gallon  refunded  on  nonhighway  uses. 
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STATE  MOTOR-FUEL  TAX  RECEIPTS,  1935 


[Compiled  for  calendar  year  from  reports  of  State  authorities 


State 


Alabama 

Arizona 

Arkansas 

California 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana... 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska. 

\i"  ada 

New  Hampshire 

New  Jersey 

New  Mexico... 

New  York.. 

North  Carolina 

North  Dakota 

Ohio' 

Oklahoma 

Oregon... , 

Pennsylvania. 

Rhode  Island ... 

South  Carolina 

South  Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West  Virginia 

Wisconsin 

Wyoming 

District  of  Columbia 

Total 


Tax  rate  per  gallon 


On  Jan. 
1 


Cents 

6 

5 

6Vi 

3 

4 

2 

3 

7 

6 

5 

3 

4 

3 

3 

5 

5 

4 

4 

3 

3 

3 

6 

2 

5 

4 

4 

4 

3 

5 

3 

6 

3 

4 

4 

5 

3 

2 

6 

4 

7 

4 

4 

4 

5 

5 

4 

4 

4 

2 


On  Dec. 
31 


C,  ills 
6 
5 

3 

4 
3 

4 

6 
5 
3 
4 
3 
3 
5 
5 
4 
4 
3 
3 
3 
6 
2 
5 
5 
4 
4 
3 
5 
4 
6 
3 
4 
4 
5 
4 
2 
6 
4 
7 
4 
4 
4 
5 
5 
4 
4 
4 
2 


Weighted  average 
rate  (approxi- 
mately) 3.8  cents. 


Date  of 

rate 
change 


Oct.      1 
July     1 


TO 


Apr.     1 


July 


Receipts  from  taxation  of  motor  fuel 


Gross  re- 
ceipts 


269, 346 
833, 502 
193,  647 
701,  052 
814,  599 

730,  777 
550,  441 
865,  732 
771,723 
469,  195 
698,  969 
178, 070 
606,  917 
830,  647 
835,518 
345,  458 

731,  244 
808,  402 
056,  530 
030,  000 
770,  262 
368,  277 
025,641 
740,461 
860,  659 
048,  175 
944,  615 
341,548 
104, 009 
659,  473 
745, 078 
329,  689 
760,442 
430,  214 
059,  398 
706,631 
259,  538 
717,032 
505,  370 
966, 020 
640,  751 
713,  678 
048, 561 
133,860 
661, 809 
341,  406 
5119.96'.! 
929,  650 
208,  323 


647.  852,  308 


Refunds 
paid 


$555, 618 

441 

3,  729,  647 

SI  15.  066 

112,654 

74,009 


346,451 
1,  638,  805 
1,314,282 
1,  058,  282 


15 

158,  678 

530,  377 

722.  440 

1,  244.  558 

1,  643,  552 

856, 102 

296,  233 

895,919 

148,  473 

86,  331 

76,  449 

'162,088 

244,  713 

1,  407,  769 

385,  994 

1,007,078 

1,591,656 

556,  291 

1,120,955 


157, 038 

132,  888 

304,  376 

4 

4,041,930 


793,  355 
1,  104,  501 

245,  743 
1,  438,  762 


11.111 


31,000,637 


Net  re- 
ceipts 


616,851,671 


Other  receipts  in  connection  with  motor-fuel  tax 


Distribu- 
tors' and 
dealers' 
licenses 


$75 
250 


12,  550 


53,  721 

2,627 

31,240 


49 

116 

5,215 


4,  330 
986 
195 


174 


25,  642 
18,  309 
59,  541 


776 
365 


3,704 


5V.I 


10,  692 
7,278 


2,262 


241,101 


Inspection 
fees  ■ 


$43,691 
""68,118 


322,  271 
398,  482 


84,  533 
i"  71,  047 


234,  562 


105,  585 
"95,514 


782,  457 


114,425 


178,540 


2,  499, 225 


Fines 
and  pen- 
alties 


$464 


21 
2,947 


400 
479 
230 


in.  308 


1,034 
22 


3,228 


13 


379 


19,  683 


Miscella- 
neous re- 
ceipts 3 


$583 


2,760 


1,117 


367 
40,  795 


7Vi 


TO 


5,474 


4,410 
2,196 


7,264 


65,  786 


Total 


$43, 766 

714 

68, 701 

12,  550 


53, 721 

5,387 

31,240 


1,553 

325,  218 

398,  531 

483 

130,  543 

400 

71,  526 

261 


5,119 

235,  548 

195 

115,893 


96,  548 
196 


25, 642 

18, 309 

59,  541 

787,931 

776 

365 

3,228 

4,410 

2,209 

3,704 


114,425 


7,264 
663 
84 


11,071 

7,278 

178,540 

2,262 


2,  825,  795 


Net  total 
receipts 


$10,313,112 

3, 278,  598 

8,261,907 

39, 983, 955 

6, 009,  533 

5,671,844 

1,481,819 

17,  896,  972 

15,771,723 

3, 124,  297 

30, 385, 382 

19,262,319 

11,549,118 

8,  961, 190 

9, 835, 918 

9,416,969 

4,  572, 827 

8, 278, 025 

17,  334, 090 
22,  790,  561 
11,362,258 

7,  512,  370 
9, 845,  301 
3, 844,  542 
9, 808, 734 

962,  040 
2,  868,  166 

18,  205, 102 
2,  877,  605 

56,311,245 
19,147,015 

2, 323, 387 
39, 169, 151 
11,877,151 

7, 942, 853 
40,  708,  840 

2, 106,  204 

8,  584, 144 
4,315,419 

14,966,016 
33, 606, 085 
2,714,341 
2,  048,  645 
13,  340,  50.5 
12, 568, 379 
6,102,941 
16,  249,  747 
1,931,912 
2, 197,  209 


619,677,466 


1  Previous  tables  were  based  on  the  reported  earnings  or  assessments  of  the  calendar 
year.  The  amounts  given  in  this  table  represent  actual  collections  of  the  calendar 
year. 

2  Inspection  fees  are  imposed  in  Florida,  Nevada,  North  Dakota.  Oklahoma,  South 
Carolina,  and  Tennessee,  but  the  receipts  from  these  fees  were  not  reported. 

3  Includes  fees  for  motor-fuel  carrier  permits,  refund  or  exemption  permits,  interest 
on  deposits,  and  miscellaneous  unclassified  receipts. 

4  Includes  inspection  fees  on  kerosene.    Amount  not  reported. 

5  A  special  tax  of  3  cents  per  gallon  in  Hancock  County  and  2  cents  per  gallon  in 
Harrison  and  Jackson  Counties  is  imposed  for  sea-wall  protection.  The  receipts 
from  these  taxes  were  $133,954  in  1935.  These  receipts  are  distributed  back  to  the 
respective  counties. 


8  Tax  rate  4  cents  to  Mar.  1;  5  cents  to  Sept.  20;  4  cents  to  Nov.  26;  and  5  cents  there- 
after. 

'  Although  refund  law  became  effective  on  July  1,  no  refunds  were  actually  paid 
until  November.  Prior  to  July  I  the  law  provided  for  exemptions  rather  than  re- 
funds for  nonmotor-vehicle  use. 

8  Amounts  tabulated  include  proceeds  of  1-cent  tax  on  all  liquid  fuels,  including 
kerosene  and  fuel  oil.  Gross  receipts  from  this  tax,  $10,676,819;  refunds,  $92,266;  net 
receipts,  $10,584,553.  Amount  paid  on  nonmotor-vehicle  fuels  not  reported  sepa- 
rately. 
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STATE  MOTOR- VEHICLE  REGISTRATIONS,  1935 

[Compiled  from  reports  of  State  authorities  for  registration  year,  except  as  otherwise  noted] 


State 


Alabama 

Arizona - 

Arkansas — 

California 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine-. 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire  '3. 

New  Jersey 

New  Mexico 

New  York 

North  Carolina 

North  Dakota 

Ohio. 

Oklahoma.. 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota  is.... 

Tennessee  13 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West  Virginia  ,6 

Wisconsin  " 

AVyoming 

Dist.  of  Columbia. . 


Total  . 


1935  registration  period 


Oct.  1-Sept.  30. 
Jan.  1-Dec.  31.. 
do 


.do. 
.do- 


Jan.  1-Feb.  29,  1936... 

Jan.  1-Dec.  31 

do 

Feb. 1-Jan. 31 

Jan.  1-Dec.  31 

do 

do 


.do. 
.do. 
.do. 


.do. 
.do. 
.do. 


do 

do.... 

do 

do 

do 

do 

do 

do 

Jan.  1-Mar.  31,  1936- 

Jan.  1-Dec.  31 

do _ 


.do. 
.do. 
.do. 


Jan.    1-Mar.    31,1936 

Jan.  1-Dec.  31 

do. 


do 

do 

Nov.    1-Oct.  31 

Jan.    1  -Mar.  31, 1936 

do 

April  1-Mar  31 

Jan.    1-Dec.  31 

Jan.    1-Mar.  31. 

Apr.  1-Mar.  31 

Jan.    1-Dec.  31 

July    1-June  30 

Jan.    1-Dec.  31 

dc 

do. , 


Registered  motor  vehicles,  private  and  commercial  ' 


Other  registered 
vehicles 


Total 
motor  ve- 
hicles 


Passenger  motor  vehicles 


26,221,052 


Total 


242,  676 

203,  687 

103, 122 

85, 158 

207,  429 

167,  322 

2,151,501 

1, 897,  593 

284,  578 

256, 148 

375, 837 

313,  605 

56, 560 

46, 868 

356,  244 

299, 045 

394, 096 

328,017 

118,266 

96,  895 

1,  525,  817 

1,340,340 

850, 650 

717,  883 

699,016 

618,487 

553,  106 

473, 038 

347,  676 

304, 063 

268,  824 

209, 426 

181, 165 

143, 0S6 

345, 578 

297,  050 

1°  785, 090 

684,  079 

1,239,431 

1,112,148 

726,  993 

621, 132 

186,  289 

152,  983 

766,  369 

650,  550 

149,712 

114,170 

406, 189 

347,  135 

34,  858 

27,  983 

117,154 

93,  699 

888,  292 

763, 426 

92,  457 

74,212 

2,  330,  962 

2,  024,  043 

456, 152 

398,  221 

164,217 

135,  437 

1,712,051 

1,541,097 

502, 101 

419,246 

»  293,  554 

250,  970 

1,745,401 

1,  516,  375 

148,  597 

130, 169 

235,  919 

206, 158 

179,  271 

152, 340 

351,  898 

309,  867 

1,382,104 

1,125,049 

106, 006 

88,  419 

81,513 

72,  482 

385,  555 

325, 179 

453,  660 

385,  003 

241,617 

212,312 

754,  037 

623, 893 

69,  998 

55,  405 

171,464 

153,  854 

22, 565, 347 


Automo- 
biles 
(including 
taxicabs) 


203, 376 
85,158 
167, 086 

1,  897,  593 
256, 148 
312,671 

46,  868 
299, 045 
327,  645 

96,  778 
1,340,340 
716,994 
C18,  487 
473, 038 
303,  593 
209,  426 
142.  961 
296, 148 
680, 157 
1,112,148 
620, 891 
152, 983 
650, 141 
114,170 
346, 859 

27,  878 

93, 699 
758,  401 

73, 837 

2,  024,  043 
397,  772 
135,  366 

1,541,097 

416,939 

250,  377 

1,510,837 

129,669 

206,014 

152,  280 

309,  447 

1,124,295 

87,  956 

72,  380 

324,  626 

;s:,.i»B 

211,668 

623,  352 

55,  405 

152,  775 


22,  535,  820 


Motor 
busses  2 


311 


236 


(0 


934 


(0 


372 

117 


co 


co 


470 


125 

902 

4.522 

CO 

241 


(0 

276 
105 

(0 

5,  025 
375 


449 
71 

(0 

2,307 
593 

5,  538 
500 
144 
60 
420 
754 
463 
102 
553 


644 
541 


1,079 


Motor 
trucks, 
tractor 
trucks, 
etc. 


.:8,989 
17,  964 
40, 107 
253, 908 
28,  430 
62,  232 
9,692 
57,  199 
66, 079 
21,371 
1S5, 477 
132,  767 
80,  529 
80, 068 
43,  613 

59,  398 
38, 079 
48,528 

100,411 
127,283 
105,  861 

33,  306 
115,819 

35,  542 

59,054 
6,875 

23,  455 
124,866 

18,245 
306,  919 

57,  931 

28,  780 
170,954 

82,  855 

42,  584 

229, 026 

18,428 

29,  761 
26,  931 
42,031 

257, 055 

17,587 

'S  9,031 

60,  376 
68,  657 
29,  305 

130, 144 
14,  593 
17,610 


Trailers 
and  semi- 
trailers 


Motor- 
cycles 


29,527    3,655,705 


5,586 

2,835 

9,  398 

95,  233 

968 

3,092 

1,863 

11,256 

10,  823 

12,925 

14,  439 

43,013 

6  50, 244 

4,045 

(») 

9,196 

« 8, 464 

1,750 

507 

102,  975 

24,  260 

809 

22,  550 
2,256 

20,  461 

847 

3,173 

4,431 

889 

23,  451 
29, 389 

215 

95,  216 
6,452 
3,558 

19,  732 

216 

2,  759 

12,568 
836 

38,  262 
1,226 
1,321 
3,694 
7,776 
2,189 
7,610 
7,279 
1,377 


733,  414 


694 

356 

425 

8,880 

901 

2,021 

254 

979 

952 

407 

4,568 

3,107 

1,955 

678 

912 

734 

997 

1,435 

1,379 

3,024 

1,823 

172 

1,607 

380 

998 

109 

1,082 

4,826 

247 

10,  396 

1,320 

242 

7,095 

968 

1,393 

10,115 

720 

762 

330 

1,261 

3,372 

409 

575 

1,837 

1,640 

1,007 

2,554 

195 

675 


Publicly  owned 
vehicles,  State, 
countv,  munici- 
pal 3 


Motor 
vehicles 


92,  768 


1,118 
1,878 
1,342 

20,  541 
(0 

3,189 
912 
4,802 
(«) 

1,181 
7,930 
0) 

1  4,  47S 
(0 

5,226 
4,585 
1,937 

»  2,  500 
ii  4, 800 

(0 

H822 

(0 

2.017 
1,587 
1,855 

576 

352 
9,161 

978 

'  23,  880 

9.861 

536 
15,406 
4,928 
3,971 
(0 

1,111 
(0 

1,073 

6,2,50 

13,  252 

1,034 

CO 

5,  222 
6,708 
4,280 
6,915 
600 
2,002 


Motor- 
cycles 


32 

1 
876 


197 
83 
121 


723 


53 


9 


674 

16 

1,079 

106 


338 


80 


337 
30 


180 


129 
283 


129 


1934  total 
registered 
motor  ve- 
hicles 


225,  732 
96,  586 

198,  091 
2,  006,  255 

274,  231 

354,142 
54,  215 

335,  205 
376,  993 
108,  863 

1,456,241 
803,  271 
666,  440 
528,  664 
332, 177 
244, 007 
178,  995 
332, 892 
785,  392 

1,148,953 
697,  672 
174,  934 
739, 813 
128,  336 
406, 632 
32,  230 
113,134 
864,  641 
82,  900 

2,273,686 
439,  351 
156,203 

1,  613,  265 
477,  292 
272,  102 

1,  681,  202 
142,  394 
202,  834 
169,  975 

336,  313 
1,312,152 

101,926 
77,921 
373, 90S 
422,  238 
223, 155 
709,  359 
64,  990 
163,  070 


190,796        5,633    24,960,973    1,200,079 


Year's  change  in 

motor-vehicle 

registration 


Increase 
or  de- 
crease 


16, 944 
6,536 
9,  338 
145,  246 
10,  347 
21,695 
2,345 
21,039 
17, 103 
9,403 
69,  576 
47,  379 

32,  576 
24,  442 
15,  499 
24,  817 

2,  170 
12,686 

-302 
90,  478 
29, 321 
11,355 
26,  556 
21,  376 

-443 

2,628 

4,020 
23,  651 

9,557 
57,  276 
16,801 

8,014 
98,  786 
24. 809 
21,  452 
64, 199 

6,203 

33,  085 
9,296 

15,585 

69, 952 

4,080 

3,592 

11,647 

31,422 

18,  462 

44,  678 

5,008 

8,394 


Per- 
centage 
change 


7.5 
6.8 
4.7 
7.2 
3.8 
6.1 
4.3 
6.3 
4.5 
8.6 
4.8 
5.9 
4.9 
4.6 
4.7 

10.2 
1.2 
3.8 
0 

7.9 
4.2 
6.5 
3.6 

16.7 

-.1 
8.2 
3.6 
2.7 

11.5 
2.5 
3.8 
5.1 
6.1 
5.2 
7.9 
3.8 
4.4 

16.3 
5.5 
4.6 
5.3 
4.0 
4.6 
3.1 
7.4 
8.3 
6.3 
7.7 
5.1 


5.0 


'  Wherever  possibb,  transfers  and  ^registrations,  publicly  owned  vehicles,  and 
vehicles  not  for  highway  use  (farm  tractors,  etc.)  have  been  eliminated  from  tries-} 
columns. 

2  A  complete  segregation  of  motor  busses  from  other  vehicles  is  not  available.  The 
figures  given  below  represent  common-carrier  busses  in  most  cases,  although  in  some 
States  contract  busses  and  contract  school  busses  are  included.  In  a  number  of  cases 
city  busses  are  not  included,  rural  and  interurban  carriers  only  being  given.  Where 
no  busses  are  tabulated,  the  busses  are  included  with  automobiles,  except  as  noted 
otherwise. 

3  Previous  tables  have  included  Federal  vehicles.  As  no  figures  on  Federal  vehicles 
have  been  made  available  since  1931,  this  information  has  been  omitted  from  this 
table.  Figures  on  other  publicly  owned  vehicles  are  incomplete.  Some  States  give 
State-owned  vehicles  only;  others  exclude  certain  classes,  such  as  fire  apparatus  and 
police  vehicles,  from  registration. 

'  Included  with  motor  trucks. 

!  Included  with  private  and  commercial  registrations. 

6  Includes  46,250  light  trailers  licensed  without  charge. 

7  Includes  unknown  number  of  Federal  vehicles. 


8  Trailers  of  1,000  pounds  capacity  or  more  prohibited  on  highways,  although  per- 
mitted in  cities  under  city  licenses.  Tractor-semitrailers  registered  as  trucks.  Light 
trailers  permitted  but  not  registered. 

>  Light  trailers  only;  heavy  trailers  included  with  motor  trucks. 

i°  Registration  transfers,  approximately  163,000  passenger  and  14,000  freight,  de- 
ducted. 

n  Of  these  vehicles,  approximately  1,300  are  included  with  private  and  commercial 
registrations. 

12  Registration  required  every  3  years;  these  are  1935  registrations  only. 

is  Although  registration  year  was  extended  to  Mar  31,  1936,  figures  tabulated  are 
for  the  calendar  year  1935. 

14  Registration  reported  as  follows:  Gross  weight  4,000  pounds  or  less,  270.S99;  over 
4,000  pounds,  25,569;  bus  registrations  (including  ambulances  and  hearses)  644; 
motorcycles,  1,393.  Figures  tabulated  represent  sn»approximate  classification  based 
on  fully  classified  figures  reported  for  1934. 

is  Light  delivery  trucks  included  with  passenger  cars. 

16  Figures  tabulated  are  for  the  calendar  year  1935 

i"  Trucks,  tractors,  and  trailers  are  registered  for  the  period  from  July  1  to  June  30. 
Figures  tabulated  ar^  for  the  calendar  year  1935. 
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PUBLICATIONS  of  the  BUREAU  OF  PUBLIC  ROADS 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Department  and  as  the  Department  does  not  sell  publications, 
please  send  no  remittance  to  the  United  States  Department  of 
Agriculture. 

ANNUAL  REPORTS 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1924. 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1927. 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1928. 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1929. 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1931. 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1933. 
5  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1934. 
10  cents. 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,    1935. 
5  cents. 

DEPARTMENT  BULLETINS 

No.    583D  .  .  Reports  on  Experimental  Convict  Road  Camp, 
Fulton  County,  Ga.     25  cents. 

No.  1279D  .  .  Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 

TECHNICAL  BULLETINS 

No.    55T  .  .  .  Highway  Bridge  Surveys.     20  cents. 

No.  265T  .  .  .  Electrical    Equipment  .  on    Movable    Bridges. 
35  cents. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP  .  .  The  Results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 


Federal   Legislation    and    Regulations    Relating    to    Highway 
Construction.     10  cents. 

Supplement   No.    1    to   Federal   Legislation   and    Regulations 
Relating  to  Highway  Construction. 

No.   191  ....  Roadside  Improvement.     10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.      15  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .  .  Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 
System  of  Ohio  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Vermont  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  New  Hampshire  (1927). 

Report  of  a  Plan  of  Highway  Improvement  in  the  Regional 
Area  of  Cleveland,  Ohio  (1928). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Pennsylvania  (1928). 

Report  of  a  Survey  of  Traffic  on  the  Federal-Aid  Highway 
Systems  of  Eleven  Western  States  (1930). 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 


CURRENT  STATUS  OF  UNITED  STATES  PUBLIC  WORKS  ROAD  CONSTRUCTION 

AS  PROVIDED  BY  SECTION  204  OF  THE  NATIONAL  INDUSTRIAL  RECOVERY  ACT  (1934  FUNDS)  AND  BY  THE  ACT  OF  JUNE  18,  1934  (1935  FUNDS) 

AS  OF     JULY     31,  1936 
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THE  STRUCTURAL  DESIGN   OF  CONCRETE 

PAVEMENTS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests,  and  EARL  C.  SUTHERLAND,  Associate  Highway  Engineer 

PART  4.— A  STUDY  OF  THE  STRUCTURAL  ACTION  OF  SEVERAL  TYPES  OF  TRANSVERSE  AND 

LONGITUDINAL  JOINT  DESIGNS1 


PRECEDING  REPORTS  on  parts  of  this  investi- 
gation have  presented:  (1)  A  general  description 
of  the  entire  project  and  of  the  methods  employed 
in  making  the  tests  (part  1);  (2)  a  discussion  of  the 
effects  of  temperature  and  moisture  variations  on  the 
size,  shape,  and  load-carrying  ability  of  pavement 
slabs  as  observed  during  the  course  of  these  studies 
(part  2);  and  (3)  a  discussion  of  the  results  of  tests  on 
various  pavement  cross-sections  (part  3). 

This  report  contains  a  description  of  the  studies  that 
were  made  of  the  structural  action  of  the  several 
transverse  and  longitudinal  joints  included  in  the 
investigation.  In  presenting  this  material,  certain 
descriptive  matter  will  be  repeated  from  the  preceding 
reports  for  the  purpose  of  amplification  together  with 
such  data  from  parts  2  and  3  as  are  necessary  for  an 
adequate  treatment  of  the  subject. 

In  dealing  with  the  subject  of  the  design  and  use  of 
joints  in  concrete  pavements,  it  is  of  considerable 
interest  to  look  backward  over  the  period  of  concrete 
pavement  construction  and  trace  the  development  of 
theory  and  practice  in  regard  to  joint  construction. 
This  development  will  be  sketched  rather  briefly. 

A  number  of  concrete  pavements  were  built  in  Eu- 
rope and  in  the  United  States  long  before  the  beginning 
of  the  present  century.  There  is  mention  of  one  con- 
structed in  Inverness,  Scotland,  as  early  as  1865,2 
while  in  this  country  one  of  the  earliest  of  which  there 
is  an  authentic  record  is  that  constructed  in  Belle- 
fontaine,  Ohio,  in  1892.  So  little  information  is  given 
in  the  accounts  of  these  early  concrete  pavements  that 
in  most  cases  no  details  of  the  spacing  and  design  of 
the  joints  are  available.  It  appears,  however,  that 
the  joints  were  simply  small  spaces  left  between  adja- 
cent slabs  and  were  intended  to  be  filled  with  earth, 
although  as  far  back  as  1871  a  patent  was  granted  that 
gave  the  inventor  rights  covering  the  use  of  gum,  tar, 
rubber,  or  other  water-repellent  substances  as  a  filler 
for  joints  in  pavements  made  of  concrete  blocks.3 
Some  mention  is  made  in  engineering  literature  of  the 
use  of  pitch  and  of  creosote  oil  for  the  same  purpose  at 
about  the  same  time. 

EARLY    JOINTS    DESIGNED    TO    PROTECT    SLAB    EDGES  FROM 
DAMAGE  BY  STEEL- TIRED  WHEELS 

The  Bellefontaine  pavement  was  laid  in  small  slabs 
or  blocks  5  or  6  feet  square  and  tarred  paper  was 
placed  between  the  blocks  to  allow  for  expansion.4  It 
is  interesting  to  note  that  with  this  small-slab  construc- 
tion practically  no  cracking  has  occurred  in  this  pave- 
ment during  more  than  40  years  of  service.     At  the 

1  A  series  of  five  articles  has  been  planned.  Parts  1,  2,  and  3  have  appeared  in 
Public  Roads,  vol.  16,  nos.  8,  9,  and  10,  October,  November,  and  December  1935, 
respectively.  Because  of  its  length,  Part  4  will  be  presented  in  two  issues  of  Public 
Roads.    The  second  installment  will  appear  in  the  October  issue. 

1  Cement  and  Concrete— A  general  refrence  book,  1929.  Portland  Cement  Asso- 
ciation, p.  49. 

'  United  States  Patent  no.  120268  granted  Oct.  24,  1871,  to  H.  A.  Gunther. 

1  Portland  Cement  Pavement,  by  G.  W.  Bartholomew,  Jr.,  Engineering  News, 
vol.  33,  no.  1,  Jan.  3,  1895,  p.  5. 
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time  it  was  constructed  all  traffic  was  carried  on  steel- 
tired  wheels  and  much  damage  was  done  to  the  edges 
of  the  slabs  by  teamsters  who  drove  so  that  their  wagon 
wheels  followed  the  joints.5  Efforts  to  protect  slab 
edges  from  the  damaging  action  of  steel-tired  wheels 
seem  to  have  been  the  dominant  through t  in  the  early 
consideration  of  joint  design. 

Figure  1  shows  a  drawing  of  what  is  one  of  the  first, 
if  not  the  first,  joint  designs  for  concrete  pavements 
patented  in  this  country.6  The  object  of  this  design, 
as  stated  in  the  patent,  was  to  allow  adjacent  blocks 
to  heave  without  injury  to  their  edges.  Direct  expan- 
sion apparently  was  not  a  consideration.  It  was 
specified  that  the  metal  forming  the  joint  should  be 
stiff  enough  to  permit  tamping  the  concrete  around  it, 
yet  light  enough  to  crush  in  the  event  that  heaving 
occurred. 

The  decade  between  1900  and  1910  might  well  be 
considered  as  the  early  formative  period  in  concrete 
pavement  history.  A  new  type  of  pavement  was  de- 
veloping and  the  literature  of  this  period  contains  many 
inquiries  as  to  how  concrete  roads  should  be  built, 
with  little  or  no  information  available  to  supply  the 
answers.  The  joint,  intended  to  provide  for  expansion 
and  to  control  cracking,  made  its  appearance,  although 
it  continued  to  be  a  simple  opening  between  slabs. 
Breaking  of  the  slab  edges  under  the  action  of  the  steel- 
tired  wheels  was  still  a  serious  problem  and  its  effect  is 
reflected  in  the  staggered  and  oblique  joint  designs  of 
the  period.  Some  pavements  of  which  there  is  a  record 
of  the  joint  construction  are  described  briefly  as  follows: 

Grand  Rapids,  Mich.,  1901-02:  In  a  two-course 
pavement,  joints  were  placed  along  the  curbs  and  trans- 
versely at  intervals  of  25  feet  in  the  base  course.  The 
width  of  these  joints  is  not  recorded.  The  top  course 
was  laid  in  alternate  blocks  6  feet  square  with  expan- 
sion joints  one-fourth  inch  in  width  between  blocks. 
These  joints  were  filled  with  asphalt. 

Toronto,  Canada,  1902:  This  pavement  was  laid  in 
blocks  20  feet  square  with  %-inch  expansion  joints 
between  the  blocks.  The  joints  were  filled  with  "paving 
pitch."  It  is  reported  that  under  heavy  traffic  the 
edges  of  the  slabs  shattered  badly. 

Richmond,  Ind.,  1903-04:  The  earliest  concrete 
pavements  in  this  city  date  from  1896.  Of  the  early 
pavements  no  information  about  the  joint  design  was 
found,  although  it  appears  that  small  slabs  were  used. 
The  pavements  laid  in  1903-4  were  in  large  slabs  with 
expansion  joints  1  inch  wide.  It  was  reported  that  these 
wide  joints  were  troublesome  because  of  chipping  at  the 
slab  edges.  Mention  of  temperature  cracking  in  con- 
nection with  this  pavement  appeared  in  the  early  re- 
ports. 

'  The  Concrete  Pavements  of  Bellefontaine,  Ohio,  by  Prof.  F.  H.  Eno,  Engineering 
News,  vol.  51,  no.  1,  Jan.  7,  1904,  p.  15. 
»  United  States  Patent  no.  312897  granted  Feb.  24,  1885,  to  C.  F.  Rapp. 
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PATENT  GRANTED    1885 

NO. 312,897 -C.F.RAPP 

Figure  1. — One  of  the  First  Joint  Designs  for  Concrete 
Pavements  Patented  in  the  United  States. 

Washington,  D.  C,  1906:  This  pavement  was  laid 
in  slabs  100  feet  long  separated  by  1-inch  joints  filled 
with  a  bituminous  material. 

City  of  Panama,  1906-7:  It  is  recorded  that  the  first 
concrete  paving  in  this  city  consisted  of  slabs  10  feet 
in  length.  On  wide  streets  the  pavement  was  divided 
longitudinally  at  the  center  and  the  slabs  were  stag- 
gered on  either  side  of  this  joint. 

Because  of  difficulties  with  chipping  and  spalling 
along  the  joints,  commercial  companies  specializing  in 
concrete  pavement  construction  began  gradually  to 
increase  the  spacing  between  joints.  This  practice 
continued  for  many  years  and  culminated  in  the  con- 
struction of  hundreds  of  miles  of  concrete  pavements  in 
which  the  only  joints  constructed  were  at  places  where 
the  paving  operation  was  stopped  for  some  reason. 

That  some  engineers  at  this  time  appreciated  the 
advantages  of  crack  control  in  concrete  pavements  is 
evidenced  by  the  following  quotation  from  a  patent  for 
a  joint  design  granted  to  Mr.  R.  Kieserling,  a  German 
citizen,  by  the  United  States  Patent  Office  in  1906:  7 

"As  it  is  well  known,  irregularly  running  cracks 
appear  after  a  short  time  in  paving  made  from  concrete 
or  other  cement  mixtures,  which  lead  to  the  destruc- 
tion of  the  pavement.  *  *  *  I  avoid  this  irregular 
formation  of  cracks  by  providing  for  the  occurrence  of 
cracks  at  definite  places  and  causing  them  to  run  in  a 
direction  previously  determined  upon."  Mr.  Kieser- 
ling's  designator  accomplishing  this  control  of  cracking 
is  shown  in  figure  2. 

WIDE  DIFFERENCES  FOUND  IN  STRUCTURAL  DETAILS  OF 
EARLY  JOINTS 

By  1910  the  automobile  had  demonstrated  itself  to 
be  a  practical  machine  and  with  its  increasing  use  came 
the  demand  for  more  and  better  highways,  particularly 
interstate  highways.  The  stimulus  thus  given  to  road 
building  is  reflected  in  the  increased  discussion  of  con- 
crete pavement  design.  Spalling  and  chipping  at  the 
joints  and  separation  of  adjacent  slabs,  both  vertically 
and  horizontally,  were  troubles  which  gave  a  great  deal 
of  concern  in  these  early  pavements.  To  overcome 
chipping,  diagonal  joints  and  edges  armored  with  metal 
were  frequently  recommended.  For  the  displacement 
at  the  joints,  particularly  the  longitudinal  joints, 
numerous  suggestions  appeared — more  attention  to 
drainage,  reinforcement  to  prevent  longitudinal  cracks, 
dished  subgrade  to  provide  a  thicker  pavement  at  the 
center  of  the  road,  and  rolled  stone  subbases — each  had 
its  advocates. 

'  United  States  Patent  No.  839600,  granted  Dec.  25, 1906,  to  R.  Kieserling,  Germany. 
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PATENT  GRANTED    1906 

NO.  839,600-R. KIESERLING 

-An  Early  Patented  Joint  Design  for  Concrete 
Pavements. 


Speaking  editorially,  one  of  the  leading  engineering 
journals  of  the  country  said  of  the  concrete  pavement 
joint  designs  of  this  period: 8 

Practice  exhibits  a  heterogeneous  array  of  expansion  joint 
details,  spacings,  and  arrangements.  This  is  most  true  of 
transverse  joint  practice.  The  plan  is  general  of  placing  joints 
between  pavement  edge  and  curb  and,  when  railway  tracks 
occupy  the  streets,  of  placing  joints  on  each  side  of  the  tracks 
just  outside  the  tie  ends.  There  is  no  similar  uniformity  in 
transverse  expansion  joint  practice.  They  are  spaced  25,  30, 
37}4,  50,  60,  and  100  feet  apart,  and  the  most  common  spacings 
are  perhaps  25  and  30  feet.  Usually  they  are  square  across  the 
roadway  but  various  diagonal  arrangements  are  employed. 
Structurally  the  differences  are-  wide.  Joints  with  metal  guard 
plates,  joints  with  rounded  edges  only,  joints  of  all  widths  from 
}i  to  1  inch,  joints  with  fillers  of  a  dozen  characters  are  employed. 

As  mentioned  previously,  some  of  the  State  highway 
departments  adopted  the  practice  of  laying  concrete 
pavements  without  joints  except  at  points  where  the 
construction  operation  was  stopped.  By  1915  a  num- 
ber of  States  were  building  their  pavements  in  this 
manner.  The  reasons  prompting  this  policy  were 
described  by  one  State  highway  engineer,9  who  stated 
that  the  occurrence  of  transverse  cracks  had  been 
almost  as  erratic  in  pavements  with  the  joints  spaced 
50  feet  apart  as  in  those  in  which  the  spacing  was  100 
feet.  The  difficulty  of  constructing  smooth  surfaces  in 
the  vicinity  of  the  joints  and  the  chipping  of  the  slab 
edges  at  the  joints  under  the  action  of  traffic  were  also 
important  considerations. 

At  the  tenth  annual  convention  of  the  American 
Concrete  Institute  (1914)  certain  recommended  speci- 
fications for  concrete  pavement  construction  were 
adopted,  and  the  recommendations  relative  to  joint 
construction  probably  reflect  the  thought  as  to  the 
best  practice  at  that  time. 

In  these  specifications  it  was  recommended  that 
transverse  joints  should  be  not  less  than  one-fourth  nor 
more  than  three-eighths  inch  in  width  and  should  be 
placed  across  the  pavement  perpendicular  to  the  center 
line,  not  more  than  35  feet  apart.  It  was  further  rec- 
ommended that  a  longitudinal  joint  not  less  than  one- 

*  Engineering  and  Contracting,  vol.  40,  no.  2,  July  9,  1913. 

•H.  E.  Bilger,  State  road  engineer  of  Illinois,  in  a  paper  delivered  before  the 
Illinois  Society  of  Engineers  and  Surveyors  1915.  Also  Engineering  and  Contracting, 
vol.  43,  no.  11,  Mar.  17,  1915,  pp.  254-5. 
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ourth  inch  in  width  should  be  constructed  between 
he  curb  and  the  pavement  and  that  all  joints  should 
xtend  completely  through  the  pavement  and  be  per- 
pendicular to  its  surface.  Also,  the  concrete  at  trans- 
erse  joints  should  be  protected  with  soft-steel,  joint- 
rotection  plates  rigidly  attached  to  the  concrete,  the 
urface  edges  of  the  metal  plates  to  conform  to  the  sur- 
ges of  the  concrete.  All  joints  found  to  be  more  than 
ne-fourth  inch  too  high  or  one-half  inch  too  low  were 

0  be  removed.  It  was  specified  further  that  all  joints 
rere  to  be  formed  by  inserting,  during  construction,  and 
saving  in  place  the  required  thickness  of  joint  filler, 
iris  filler  to  extend  through  the  entire  thickness  of  the 
avement. 

<J  1917  LOAD  TRANSFER  APPEARED  AS  A  FACTOR  IN  JOINT  DESIGN 

It  will  be  observed  that  provision  for  expansion  and 
rotection  of  the  joint  edges  are  dominant  considera- 
ons  and  that  mutual  support  through  transfer  of  load 

1  not  mentioned  as  a  joint  requirement.  The  smooth- 
ess  tolerances  are  of  interest  in  contrast  with  the 
jecifications  of  today. 

Load  transfer  as  a  factor  in  joint  design  was  soon  to 
ppear,  however.  In  the  design  of  a  concrete  pave- 
ient  constructed  between  two  Army  camps  near 
[ewport  News,  Va.,  during  the  winter  of  1917-18, 
;eel  dowels  were  placed  across  all  transverse  joints  for 
le  stated  purpose  of  transmitting  load  across  the 
»int  by  shear.10  The  joints  were  three-eighths  inch  in 
idth  and  four  three-quarter  inch  diameter  steel  dowels 
ere  used  in  the  20-foot  pavement  width.  It  was  recom- 
tended  that  eight  rather  than  four  dowels  be  used, 
ieavy  truck  traffic  during  the  World  War  period  ap- 
arently  failed  to  damage  these  joints. 

Following  the  World  War  the  use  of  steel  dowels 
)read  rapidly  wherever  concrete  pavement  was  being 
id  and  has  continued  up  to  the  present  time. 

Although  the  principle  had  been  well  known  for 
lany  years,  one  of  the  earliest  references  to  the  use  of 
le  weakened-plane  contraction  joint  for  crack  control 
Dpears  in  connection  with  a  pavement  laid  in  West 
irginia  in  1919. n  It  was  constructed  by  grooving  the 
attorn  of  the  slab  by  setting  a  thin  board  on  edge  on 
le  subgrade,  the  width  of  the  board  being  approxi- 
.ately  one-half  the  thickness  of  the  pavement.  The 
mcrete  was  then  cast  over  the  board. 

Soon  after  this  the  recommendation  appeared  that 
lis  type  of  joint  be  formed  by  a  board  one-fourth  inch 
lick  and  6  inches  wide  so  cupped  or  warped  as  to 
ve  a  tongue-and-groove  effect  to  adjoining  slabs,  thus 
:eventing  uneven  settlement  of  the  abutting  edges. 

Figure  3  shows  typical  joint  designs  for  which  patents 
ere  granted  in  this  country  during  the  decade  follow- 
g  1910.  The  essential  feature  of  the  design  shown  in 
*ure  3-A  was  the  use  of  steel  protection  plates  at  the 
int  edges,  tied  in  to  a  general  system  of  reinforcement, 
he  object  of  the  design  shown  in  figure  3-B  was  to 
jrmit  the  placing  of  the  joint  filler  in  advance  of  the 
increting  operation.  It  will  be  noted  that  an  air 
lamber  was  provided  to  take  care  of  the  filler  material 
rring  expansion.  Figure  3-C  shows  a  design  intended 
i  protect  the  edges  of  the  slabs  and  at  the  same  time 
>rve  as  a  container  for  the  filler. 

The  use  of  a  steel  T-section  embedded  in  the  plastic 
ler  material  was  proposed  in  the  design  shown  in 
;ure  3-D,  the  T-section  presumably  serving  to  protect 
te  edges  of  the  concrete.     While  the  design  shown  in 

»  Engineering  News-Record,  vol.  88,  no.  9,  Mar.  2,  1922,  pp.  357-8. 
"  Engineering  News-Record,  vol.  85,  no.  7  ,  Aug.  12,  1920,  p.  305. 


figure  3-E  was  apparently  intended  primarily  to  provide 
a  sliding  key  or  bridge  in  order  to  hold  the  filler  material, 
both  the  design  and  the  claim  contain  the  germ  of  an 
idea  that  appears  in  many  of  the  joint  designs  being 
promoted  today.  Figure  3-F  shows  a  heavily  armored 
expansion  joint  in  some  respects  quite  similar  to  designs 
recently  proposed  although  the  idea  of  load  transfer 
does  not  appear  in  the  claims. 

The  design  shown  in  figure  3-G  is  definitely  intended 
to  provide  "an  interlocking  engagement  of  the  adjacent 
concrete  sections"  although  the  compressible  material 
which  is  interposed  between  the  corrugated  plates, 
together  with  separation  caused  by  contraction,  would 
probably  completely  defeat  the  purpose.  Figure  3-H 
shows  a  design  that  includes  the  use  of  dowels  which 
are  not  bonded  to  the  concrete,  and  are  installed  for 
the  stated  purpose  of  maintaining  the  engaged  sections 
of  concrete  in  the  proper  relation  to  each  other  and  at 
the  same  time  permitting  independent  expansion  and 
contraction. 

NEED  FOR  BETTER  EXPANSION  AND  CONTRACTION  JOINTS 
RECOGNIZED 

The  disappearance  of  steel- tired  vehicles  from  the 
highway,  a  change  which  accelerated  rapidly  during 
the  period  following  the  World  War,  eliminated  what 
had  been  one  of  the  worst  problems  in  joint  design,  i.  e., 
chipping  of  the  slab  edges.  The  result  was  the  general 
omission  of  the  steel,  edge-protection  plates  from  joint 
designs.  A  new  trouble  appeared,  however,  with  the 
increased  use  of  concrete  pavements.  Expansion  fail- 
ures known  as  "blow-ups"  began  to  appear  3  or  4  years 
after  the  laying  of  the  pavement,  and  the  seriousness 
of  some  of  these  created  a  renewed  interest  in  joints 
providing  relief  for  expansion. 

The  desire  to  improve  the  appearance  of  concrete 
pavements  by  control  of  cracking  led  to  the  more  wide- 
spread use  of  the  so-called  "contraction  joints."  As 
already  noted,  the  earliest  joints  of  this  type  were  con- 
structed by  grooving  the  bottom  of  the  slab.  The 
irregularity  of  the  crack  on  the  slab  surface,  coupled 
with  the  difficulty  in  sealing  these  joints  effectively,  led 
to  an  unfavorable  reaction  which  resulted  in  the  general 
abandonment  of  this  design.  Shortly  after  1920  a 
weakened-plane  joint  appeared  in  which  the  upper 
surface  of  the  slab  was  grooved.  While  more  difficult 
to  construct,  it  obviated  tbe  difficulties  just  noted  and, 
with  the  development  of  mechanical  methods  for  groov- 
ing the  concrete  at  the  time  of  construction,  this  type 
of  contraction  joint  came  into  rather  widespread  use. 

The  decade  following  1920  also  saw  tbe  general  adop- 
tion of  longitudinal  joints  that  divide  the  pavement 
into  slabs  approximately  10  feet  w;de.  Experience 
showed  that  such  joints  practically  eliminated  longi- 
tudinal cracking  and,  since  this  width  is  about  what  is 
required  for  a  single  lane  of  traffic,  the  practice  of 
building  pavements  in  slabs  about  10  feet  wide  has 
developed  naturally  and  .has  resulted  in  effective  con- 
trol of  longitudinal  cracking. 

During  the  early  part  of  this  decade  researches  such 
as  the  test  road  at  Pittsburg,  Calif.,  the  Bates  road 
tests  in  Illinois,  and  experiments  of  the  Bureau  of 
Public  Roads  at  Arlington,  Va.,  developed  certain  basic 
facts  concerning  the  effect  of  loads  on  pavement  slabs 
of  various  designs.  In  all  of  these  researches  the  need 
for  strengthening  slab  edges  was  definitely  indicated. 
Free  edges  of  slabs  can  be  strengthened  most  simply  by  . 
increasing  the  slab  depth,  but  where  the  slab  adjoins 
others  the  possibility  for  inter-slab  support  as  a  means 
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for  strengthening  the  edges  has  long  been  recognized 
and  has  led  to  many  proposals  for  joint  designs  in 
which  varying  degrees  of  interlocking  action  are  devel- 
oped. The  use  of  transverse  joint  designs  in  which 
some  form  of  load- transfer  mechanism  is  incorporated 
has  become  quite  general,  the  round,  steel  dowel  bar 
being  the  most  common. 

Efforts  were  also  made  to  strengthen  structurally,  by 
systems  of  steel  reinforcement,  certain  parts  of  the  slab, 
usually  the  edges  and  corners.  Some  of  these  proposed 
systems  were  very  simple;  others  were  quite  extensive 
and  complicated. 

In  figure  4  are  shown  a  number  of  typical  joint  designs 
for  which  patents  were  granted  between  1919  and  1929. 
It  is  of  interest  to  compare  this  group  with  that  shown 
in  figure  3  and  note  how  the  changes  in  ideas  about 
joint  design  that  have  just  been  discussed  are  reflected 
in  these  two  groups  of  designs.  The  idea  of  edge  pro- 
tection disappears  and  the  idea  of  load  transfer  appears 
as  the  most  important  factor  in  the  design. 

Figure  4-A  shows  a  method  for  the  control  of  cracking 
by  means  of  a  transverse,  steel  parting  strip  so  deformed 
as  to  create  corrugations  of  various  shapes  to  provide 
for  an  interlocking  action  of  the  two  slab  edges.  Figure 
4-B  is  similar  except  that  complete  separation  is  pro- 
vided without  cracking  and  a  single  approximately 
rectangular  tongue  and  groove  is  formed.  Figure  4-C 
shows  a  deformed  metal  plate  intended  for  longitudinal 


joints  and  forming  a  triangular  tongue  and  groove  simi- 
lar to  that  used  in  one  of  the  test  sections.  Figure 
4-D  shows  a  doweled  joint  with  a  short  cap  to  provide 
for  end  freedom  of  the  dowel  during  expansion.  In 
figure  4-E  are  shown  several  designs  incorporating 
various  methods  of  load  transfer  together  with  a  col- 
lapsible metal  box  intended  to  form  the  opening  between 
the  slabs  at  the  time  of  construction  and  to  remain  in 
place  as  a  seal  afterward. 

The  use  on  one  slab  of  rounded  projections  that 
engage  sockets  of  the  same  shape  on  the  adjoining  slab 
is  proposed  for  load  transfer  in  the  longitudinal  joint 
shown  in  figure  4-F.  The  use  of  bonded  dowels  is  con- 
templated in  this  design.  Figure  4-G  shows  an  expan- 
sion joint  in  which  inter-slab  action  is  obtained  by  both 
a  concrete  tongue  and  groove  and  by  steel  bars  which 
pass  from  slab  to  slab. 

CLOSER  SPACING  OF  TRANSVERSE  JOINTS  GRADUALLY   ADOPTEE 

The  great  differences  of  opinion  as  to  how  far  apart 
joints  should  be  placed,  which  were  remarked  in  the 
1915  editorial,  persisted  for  many  years.  In  1931  three 
States  used  expansion  joints  only  at  bridge  approaches 
while  several  others  employed  them  only  under  special 
conditions  (which  frequently  meant  only  at  bridge 
approaches).  The  remainder,  with  the  exception  of 
one  State,  installed  expansion  joints  at  intervals  oi 
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approximately  100  feet  or  less.  This  one  State  con- 
structed a  4-inch  expansion  joint  at  approximately 
800-foot  intervals  and  used  no  other  transverse  joints 
in  concrete  pavements. 

By  1934  all  of  the  States,  with  but  one  exception, 
were  installing  expansion  joints  at  intervals  of  100  feet 
or  less  (and  in  this  one  the  interval  used  was  150  feet). 
Also,  the  adoption  by  many  States  of  the  policy  of 
using  contraction  joints  between  the  expansion  joints 
resulted  in  a  still  further  reduction  of  the  interval  be- 
tween transverse  joints.  During  the  early  part  of  1934 
the  Bureau  of  Public  Roads  made  the  requirement  that 
on  Federal-aid  road  construction  expansion  joints  should 
be  provided  at  intervals  of  not  more  than  100  feet  and 
that  in  plain-concrete  slabs  transverse  joints  should  be 
placed  at  intervals  not  exceeding  30  feet.  It  was  re- 
quired also  that  the  width  of  expansion  joints  should 
be  not  less  than  three-fourths  nor  more  than  1  inch 
and  that  some  provision  for  load  transfer  should  be 
made  in  all  transverse  joint  installations.  These  re- 
quirements for  Federal-aid  construction  have  probably 
accelerated  the  trend  toward  a  shorter  distance  between 
joints,  a  trend  that  has  been  discernible  for  a  number 
of  years  in  spite  of  the  wide  variation  of  opinion  which 
has  existed. 

Although  there  is  widespread  acceptance  of  the 
desirability  of  inter-slab  load  support  at  transverse 
joints,  there  is  both  a  wide  divergence  of  opinion  as 


to  how  it  should  be  accomplished  and  a  decided  lack 
of  agreement  on  the  fundamental  structural  require- 
ments of  a  satisfactory  joint  design.  This  condition 
is  caused  principally  by  a  lack  of  conclusive  evidence 
from  tests  or  other  sources  as  to  what  these  require- 
ments should  be. 

In  1927  Westergaard  published  an  analytical  treat- 
ment of  the  action  of  a  doweled  joint  under  load.12 
This  valuable  contribution  to  the  general  subject  of 
joint  design  has  apparently  not  been  given  the  atten- 
tion it  deserves.  The  analysis  showed  the  effect  of 
dowel  spacing  on  the  stresses  directly  under  a  load 
acting  at  a  doweled  edge  of  a  pavement  slab,  throwing 
new  light  on  the  critical  stresses  in  the  vicinity  of  joints 
of  this  type.  It  is  indicated  that  dowels,  even  under 
the  ideal  conditions  that  were  assumed,  must  be  placed 
very  close  together  if  they  are  to  be  reasonably  effective 
as  a  means  for  transferring  load. 

Aside  from  Westergaard's  analysis  there  has  been 
little  information  available  except  for  occasional  re- 
ports of  the  observed  service  behavior  of  certain  joint 
installations. 

An  examination  of  the  designs  shown  in  figure  5 
will  reveal  how  widely  opinions  vary  as  to  what  is 
required  structurally  in  joint  action.  It  will  be  noted 
that  some  believe  that  a  joint  should  be  shear  resistant 

"  Analysis  of  Stresses  in  Concrete  Roads  Caused  by  Variations  of  Temperature. 
Public  Roads,  vol.  8,  no.  3,  May  1927. 
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but  should  be  without  stiffness  so  far  as  vertically 
applied  loads  are  concerned.  Others  are  equally  con- 
vinced that  an  effort  should  be  made  in  designing  the 
joint  to  develop  the  same  resistance  to  bending  at  the 
joint  as  is  found  in  the  interior  of  the  slab. 

Figure  5-A  shows  a  design  in  which  no  effort  is 
made  to  develop  bending  resistance  in  the  joint  struc- 
ture itself.  If  the  load  approaches  the  joint  from  one 
direction  there  is  direct  transfer  to  the  adjacent  slab 
through  the  reaction  developed  on  the  ledge  or  shelf 
on  the  adjacent  slab.  The  joint  in  this  case  acts  some- 
what as  a  free  binge.  If  the  load  approaches  from  the 
opposite  direction  there  can  be  no  transfer  of  load. 

One  of  the  designs,  shown  in  figure  5-B,  shows  a 
steel  plate  running  the  length  of  the  joint  and  fitting  into 
grooves  or  recesses  formed  into  the  two  opposing  slab 
ends.  The  plate  acts  as  a  key  or  spline  and  by  its 
stiffness  transfers  part  of  the  load  across  the  joint. 
The  flexibility  of  the  plate  permits  a  certain  amount  of 
hinge  action  to  occur.  Figure  5-C  shows  another 
design  in  which  one  slab  rests  on  a  shelf  on  a  slab 
opposite.  The  shelf  or  ledge  in  this  case  is  of  steel  and 
is  anchored  into  the  concrete  of  the  slab  end.  In 
order  to  obtain  the  same  support  for  each  slab,  the 
shelf  angles  are  cut  into  short  sections,  half  of  the 
projections  extending  from  each  slab  and  so  staggered 
that  they  intermesh,  giving  a  typical  hinge  construction. 


Another  joint  identical  in  principle  but  differing  in 
the  details  of  its  design  is  that  being  used  in  New  York 
State  and  shown  in  figure  5-D.  In  this  case  the  shelves 
are  individual  castings  anchored  into  concrete  as 
shown.  In  neither  of  these  is  there  any  attempt  to 
develop  resistance  to  bending  in  the  joint  structure. 

A  design  differing  radically  in  principle  is  that  used 
by  the  State  of  New  Jersey  and  shown  in  figure  5-E. 
The  theory  behind  this  design  is  that  the  same  resist- 
ance to  bending  should  be  provided  at  the  joint  as  is 
found  at  the  other  points  along  the  slab,  and  the  series 
of  stiff  members  which  span  the  joint  in  this  design 
are  for  this  purpose. 

JOINTS  MAY  ACT  TO  RELIEVE  STRESSES  RESULTING  FROM 
EXPANSION,  CONTRACTION,  OR  WARPING 

A  feature  of  joint  design  that  has  given  considerable 
concern  and  that  has  been  and  is  still  being  given  a 
great  deal  of  study  is  the  filling  and  sealing  of  expansion 
joints.  It  presents  a  related  but  separate  problem  and 
was  not  a  part  of  the  investigation  that  is  being  reported 
in  this  series  of  papers. 

In  this  brief  review  it  has  been  noted  that  joints 
appeared  with  the  first  use  of  concrete  for  paving,  prob- 
ably the  division  of  the  early  pavements  into  small 
units  being  as  much  for  convenience  in  construction  as 
for  any  other  reason.     Later,  expansion  joints  as  such 
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appeared  with  the  expressed  idea  that  their  use  would 
control  the  cracking  which  inevitably  occurred.  Diffi- 
culty in  the  construction  of  joints  and  their  apparent 
ineffectiveness  as  a  means  of  crack  control  led  to  a 
reaction  that  resulted  in  a  decreased  use  of  joints  for  a 
period.  The  results  obtained  by  this  policy  were  not 
altogether  satisfactory,  however,  and  the  continued 
urge  for  smoother  and  better  appearing  pavements  led 
to  the  introduction  of  what  have  been  called  contrac- 
tion joints  placed  between  expansion  joints,  the  length 
of  the  slab  units  being  gradually  decreased.  Load 
transfer  as  a  recognized  factor  in  joint  design  appeared 
after  the  World  War  and  is  now  quite  generally  con- 
sidered to  be  an  essential  requirement. 

The  importance  of  freely  acting  joints  as  a  means  for 
the  relief  of  stresses  developed  by  restrained  tempera- 
ture (and  possibly  moisture)  warping  is  as  yet  not 
generally  appreciated,  although  the  results  obtained 
with  the  longitudinal  center  joint  have  been  evident  for 
years  and  both  the  theoretical  and  experimental  indi- 
cations of  the  importance  of  warping  stresses  were 
pointed  out  before  the  Highway  Research  Board  nearly 
a  decade  ago.13  u 

As  shown  in  the  preceding  papers  of  this  series,  the 
present  investigation  has  developed  a  considerable 
amount  of  information  about  the  magnitude  and  the 
distribution  of  warping  stresses.  This  information, 
much  of  which  is  new,  emphasizes  the  necessity  for 
controlling  these  stresses  in  concrete  pavements  if 
adequate  wheel-load  resistance  is  to  be  provided.  The 
data  that  have  been  presented  relative  to  warping 
stresses  bear  directly,  therefore,  on  one  important 
function  that  a  joint  should  be  designed  to  perform. 

Thus  it  appears  that  joints  in  concrete  pavements 
may  be  classified  according  to  their  intended  function, 
as  follows: 

1.  Those  designed  to  provide  space  in  which  unre- 
strained expansion  can  occur. 

2.  Those  designed  for  the  relief  or  control  of  the 
direct  tensile  stresses  caused  by  restrained  contraction. 

3.  Those  designed  to  permit  warping  to  occur,  thus 
reducing  restraint  and  controlling  the  magnitude  of  the 
bending  stresses  developed  by  restrained  warping. 

Obviously  a  joint  may  and  frequently  does  perform 
all  three  of  these  functions.  An  expansion  joint,  for 
example,  may  permit  unrestrained  expansion,  contrac- 
tion, and  warping,  while  a  joint  of  the  so-called  contrac- 
tion type  may  actually  benefit  the  pavement  more  by  its 
ability  to  relieve  warping  stresses  than  by  its  intended 
function  of  relieving  direct  tensile  stresses  caused  by 
contraction. 

It  should  be  kept  in  mind  that  joints  are  needed  in 
concrete  pavements  for  the  one  purpose  of  reducing  as 
much  as  possible  the  stresses  resulting  from  causes  other 
than  applied  loads  in  order  that  the  natural  stress 
resistance  of  the  pavement  may  be  conserved  to  the 
greatest  possible  extent  for  carrying  the  loads  of  traffic. 

A  joint  is  potentially  a  point  of  structural  weakness 
and  may  limit  the  load-carrying  capacity  of  the  entire 
pavement  so  that  it  is  important  to  examine  joint  designs 
from  this  standpoint  as  well  as  for  their  ability  to  permit 
unrestrained  expansion,  contraction,  and  warping. 

la  Analysis  of  Stresses  in  Concrete  Pavements  Due  to  Variations  of  Temperature, 
by  H.  M.  Westergaard,  Proceedings,  Sixth  Annual  Meeting,  Highway  Research 
Board,  December  1926,  pp.  201-215. 

u  Progress  Report  on  the  Experimental  Curing  Slabs  at  Arlington,  Virginia,  by 
J.  T.  Pauls,  Proceedings,  Sixth  Annual  Meeting,  Highway  Research  Board,  December 
IBM,  pp.  192-201. 
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Figure  6. —  Designs  of  Transverse  Joints  Included  in 
the  Investigation.  The  Bond  was  Destroyed  on  all 
Dowels  Across  Transverse  Joints  by  Painting  and 
Greasing. 

In  studying  the  structural  action  of  joints  in  this 
investigation,  each  joint  was  subjected  to  tests  to  deter- 
mine its  relative  effectiveness  for: 

1 .  Permitting  unrestrained  expansion  and  contraction. 

2.  Permitting  unrestrained  warping  at  the  joint. 

3.  Reducing  the  structural  weakness  created  by  the 
break  in  the  slab  continuity  at  the  joint. 

INSTALLATION  AND  DETAILS  OF  TRANSVERSE  JOINTS  DESCRIBED 

In  the  first  paper  of  this  series  there  was  given  a 
brief  description  of  the  10  transverse  and  the  10  longi- 
tudinal joints  that  were  included  in  the  pavement  sec- 
tions built  for  this  investigation.  Before  beginning  the 
description  of  the  tests  and  the  discussion  of  the  results, 
it  is  desirable  to  refer  again  to  the  details  of  these  joints. 

The  details  of  the  several  types  of  transverse  joints 
studied  are  shown  in  figure  6.  The  joints  are  all  classed 
as  expansion  and  contraction  joints  with  the  exception 
of  the  two  transverse  plane-of-weakness  or  dummy 
joints  that  were  incorporated  in  sections  3  and  4.  These 
two  are  primarily  contraction  joints.  The  transverse 
joints  are  divided  into  four  groups,  according  to  type. 

The  first  group  comprises  the  dowelled  expansion  and 
contraction  joints  found  in  sections  6,  7,  8,  9,  and  10. 
In  this  group  the  dowels  were  round,  rolled-steel  bars 
three-fourths  inch  in  diameter  and  3  feet  in  length  in  all 
cases  but  both  the  spacing  of  the  dowels  and  the  distance 
between  the  abutting  slab  ends  (or  joint  opening)  were 
varied,  as  shown  in  table  1 ,  in  order  to  determine  the 
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Figure  7. — Designs  of  Longitudinal  Joints  Included  in 
the  Investigation.  All  Dowels  (or  Deformed  Tie 
Bars)  Were  Bonded  Throughodt  Their  Length. 

effect  of  these  variables  on  the  structural  action  and 
general  efficiency  of  joints  of  this  type. 


Table  1.- — Details  of  doweled  expansion  and  contraction  joints 


Section  no. 

Joint 

opening 

Dowel 
spacing 

6 

Inch 
H 
M 
H 

% 

H 

Inches 
27 
18 
36 
27 
18 

7 

8 

9 

10.... 

At  the  time  of  installation  the  dowels  were  carefully 
painted  and  coated  with  grease  to  prevent  bonding 
with  the  concrete,  and  special  pains  were  taken  to 
insure  that  all  of  the  dowels  were  parallel  to  the  sub- 
grade  and  to  the  longitudinal  axis  of  the  pavement 
section.  As  will  be  noted  in  the  drawings  (fig.  6)  a 
short  cap  or  sleeve  on  one  end  of  each  dowel  permits 
free  longitudinal  movement  of  the  dowel  within  the 
concrete. 


In  the  second  group  of  transverse  joints  are  the  two 
plate-dowel  designs  found  in  sections  2  and  5,  the  only 
difference  between  the  two  being  in  the  width  of  the 
joint  opening.  In  each  the  steel  dowel  plate  is  one- 
fourth  by  4  inches  in  section  and  is  continuous  for 
the  full  10-foot  width  of  the  pavement  slab.  The 
bonding  of  the  dowel  plates  to  the  concrete  was  pre- 
vented by  an  encasing  shield  of  sheet  metal  which 
extends  beyond  the  edges  of  the  dowel  plate  in  such  a 
manner  as  to  provide  for  free  movement  of  the  dowel 
plate  during  expansion  and  contraction  of  the  pave- 
ment. The  widths  of  the  joint  openings  employed  in 
these  two  joints  are  one-half  inch  (sec.  2)  and  three- 
fourths  inch  (sec.  5). 

The  third  type  of  transverse  joint  is  that  in  which- the 
thickness  of  the  slab  ends  abutting  the  joint  has  been 
increased  above  the  thickness  of  the  interior  of  the 
slab  for  the  purpose  of  strengthening  the  transverse 
slab  edges.  In  this  design  no  load  transfer  is  attempted 
since  no  inter-support  is  necessary;  hence  there  is  no 
direct  connection  between  adjacent  slabs.  Such  a 
joint  was  placed  in  section  1.  The  ends  of  this  section 
at  the  open  joints  were  also  thickened. 

The  fourth  and  last  type  of  transverse  joint  included 
in  this  investigation  is  the  weakened-plane  or  dummy 
joint  found  in  sections  3  and  4.  These  transverse 
joints  were  constructed  in  the  same  manner  as  the 
longitudinal  joint  of  the  same  type  except  that  bonding 
of  the  dowels  was  prevented  in  one  (section  4),  while  in 
the  other  (section  3)  all  dowels  were  omitted.  The 
spacing  of  the  dowels  in  section  4  is  18  inches. 

INSTALLATION  AND  DETAILS  OF  LONGITUDINAL  JOINTS  DESCRIBED 

Details  of  the  designs  of  the  10  longitudinal  joints 
are  shown  in  figure  7.  With  the  exception  of  those 
found  in  sections  4  and  7,  where  no  steel  crosses  the 
joint  and  free  contraction  is  permitted,  all  of  the  designs 
are  primarily  warping  joints. 

By  definition  a  dowel  may  or  may  not  be  bonded 
to  the  two  pieces  which  it  joins.  In  woodworking 
practice,  dowels  are  more  often  bonded  than  not.  In 
concrete  pavement  construction  the  dowels  that  cross 
the  longitudinal  joint  are  nearly  always  bonded  to  the 
concrete  and  are  usually  called  tie-bars,  although  they 
are  more  exactly  described  as  dowels  in  bond  when 
they  are  called  upon  to  withstand  shearing  forces. 
In  this  report  the  steel  bars  used  for  joining  two 
abutting  slab  edges  are  generally  referred  to  as  dowels 
if  the  bond  has  been  broken  and  dowels  in  bond  if  the 
bond  still  exists. 

The  longitudinal  joint  designs  included  in  this 
investigation  can  also  be  grouped  according  to  type. 

The  first  group  consists  of  four  sections  (sections  5, 
3,  4,  and  10)  in  which  a  tongue-and-groove  construction 
was  obtained  by  casting  the  concrete  around  a  pre- 
formed, steel  joint  plate.  The  rectangular-  and  tri- 
angular-shaped tongue  and  groove  and  the  sinusoidal 
tongue  and  groove  (sections  3,  5,  and  10,  respectively) 
are  held  together  with  dowel  bars  in  bond  at  60-inch 
intervals. 

In  the  second  group  are  the  longitudinal  plane-of- 
weakness  or  dummy  joints  in  which  the  surface  of  the 
slab  was  grooved  to  a  depth  of  approximately  one-third 
of  the  slab  thickness  at  the  time  of  construction,  it 
being  intended  that  an  irregular  fracture  would  sub- 
sequently develop  extending  from  the  bottom  of  the 
groove  downward  to  the  bottom  of  the  slab.  One  of 
these  sections  (section  6)  has  dowel  bars  in  bond  placed 
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Longitudinal  and  Transverse  Joints  in  Place  Ready  for  the  Concrete  to  Be  Cast.    A,  Corrugated  Metal  Plate  Used 
to  Form  the  Longitudinal  Joint  in  Section  10.     B,  Dowels  in  Place  for  a  Doweled  Transverse  Joint  and  for  a 
Longitudinal  Weakened-Plane  Joint  With  Dowel  Bars  in  Bond.     The  Wooden  Header  Was  Left  in  Place  Until 
the  Concrete  Had  Hardened  and  Was  Then  Removed.     C,  Rectangular  Tongue-and-Groove  Longitudinal  Joint. 
88852—36 2 
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QUADRANT    NO   3 

MEASUREMENTS    OF   DEFLECTIONS  DUE  TO  APPLIED 

LOAD  AND    TO   SLAB   WARPING 


QUADRANT    NO.  2 

MEASUREMENTS    OF  DEFLECTIONS  DUE  TO  APPLIED 

LOAD  AND    TO    SLAB   WARPING 


P 


V 


QUADRANT    NO. 4 

MEASUREMENTS    OF  STRAINS    CAUSED 

BY  RESTRAINED  WARPING 


NO.  I 
'STRAINS  FOR  STUDYING^ 
IDESIGN  ON  LOAD  STRESS   \ 


o 


© 


o 


Q-POINTS   AT   WHICH    LOADS  WERE  APPLIED 


-STRAIN    GAGE     POSITIONS 


-LINES  ALONG   WHICH    SLAB    C  URVATURES  WERE    MEASURED 


Figure  8. — Plan  of  a  20  by  40-Foot  Test  Section  Showing  the  Positions  of  the  Applied  Loads  and  of  the  Measuring 
Instruments  for  the  Study  of  Joint  Behavior.  Measurements  of  Deflections  in  Quadrants  2  and  3  Were  Made 
With  Loads  Applied  to  Quadrant  3  at  Load  Positions  Corresponding  to  Those  Indicated  by  Circles  in  Quadrant  1. 


across  the  joint  at  60-inch  intervals,  while  in  the  other 
(section  7)  no  dowels  were  used. 

The  third  group  embraces  four  sections  (sections  1, 
2,  8,  and  9)  in  which  the  vertical  faces  of  the  abutting 
edges  of  the  two  10-foot  slabs  were  separated  by  a 
single  thickness  of  tarred  felt  but  held  together  by 
dowels  in  bond.  These  dowels  were  deformed  bars  of 
steel  %  inch  in  diameter  and  4  feet  in  length.  They 
were  spaced  at  intervals  of  60,  48,  36,  and  24  inches, 
respectively,  in  the  four  sections  listed  above. 

As  stated  previously,  in  making  the  study  of  the 
structural  behavior  of  these  joint  designs,  tests  were 
made  on  each  to  determine: 

1.  How  freely  expansion  and  contraction  occurred. 

2.  To  what  degree  unrestrained  warping  of  the  slab 
edges  was  permitted. 

3.  Their  relative  effectiveness  in  reducing  the  natural 
weakness  of  the  joint  edge  by  transferring  load  or  by 
other  means. 

Measurements  of  expansion  and  contraction,  of  slab 
shape,  and  of  slab  deflection  and  strain  under  load  were 
necessary  to  make  these  determinations.  The  location 
of  the  points  at  which  the  various  measurements  were 
made  are  shown  on  the  plan  of  one  of  the  test  sections 
in  figure  8.  In  this  figure  a  letter  is  assigned  to  a 
definite  point  on  a  test  slab  while  the  subscript  indicates 
the  quadrant  number.  For  example,  the  letter  "E"  is 
assigned  to  the  free  corner,  and  "H"  the  center  point  of 
the  test  panel  and  the  subscripts  1,  2,  3,  and  4  indicate 
the  four  quadrants  of  the  test  section.  As  in  earlier 
descriptions,  the  various  tests  are  described  as  having 
been  made  on  the  different  quadrants  of  the  test  section 
for  the  sake  of  clarity  in  presentation.  Actually  cer- 
tain tests  were  frequently  made  on  more  than  one 
quadrant  of  a  given  test  section. 

SCHEDULE  OF  DEFLECTION  AND  STRAIN  MEASUREMENTS 
OUTLINED 

The  points  at  which  the  expansion  and  contraction 
of  the  slab  as  a  whole  were  measured  are  shown  in  the 
free  ends  and  at  the  transverse  joint  in  quadrants  2 


and  3.  The  measurements  were  made  with  the  spe- 
cially constructed  micrometer  described  in  the  first  report 
of  this  series,  the  normal  distance  between  the  gage 
points  being  approximately  7  inches.  The  movements 
at  the  transverse  test  joint  were  compared  with  those 
at  a  joint  which  was  known  to  be  free  to  expand  and 
contract  and  this  comparison  served  as  a  basis  for  esti- 
mating the  relative  restraint  offered  by  the  various 
designs  to  longitudinal  slab  movements.  These  mea- 
surements covered  both  the  daily  and  annual  cycles  of 
changes  in  slab  length. 

The  study  of  the  annual  variations  was  made  from 
measurements  made  twice  daily  over  a  period  of  about 
2  years.  The  measurements  were  made  at  about  9  a.  m. 
and  about  3.30  p.  m. 

In  the  study  of  the  daily  variation  in  slab  lengths, 
measurements  were  made  on  selected  days  at  2-hour 
intervals  for  a  complete  24-hour  period.  The  days 
were  selected  so  as  to  give  as  wide  a  temperature  range 
as  possible  for  the  particular  season  of  the  year. 

From  the  data  obtained  it  is  possible  to  estimate 
very  closely  the  extent  of  both  of  these  cycles  of  change 
in  slab  length  and  joint  width. 

The  relative  restraint  to  free  warping  developed  by 
the  various  joints  was  determined  by  comparing  the 
magnitude  of  the  deflection  at  the  joint  in  question  with 
that  at  a  free  edge  under  a  given  temperature  condition 
and  also  by  comparing  the  strains  resulting  from  warp- 
ing restraint  at  corresponding  points  at  the  free  edge 
and  at  the  joint  under  test.  The  shape  of  the  deflected 
slab  was  determined  with  the  clinometer  and  the  move- 
ments of  the  extreme  corners  of  the  slabs  were  also 
measured  with  micrometer  dials  on  fixed  supports. 
The  tests  were  usually  started  very  early  in  the  morn- 
ing and  readings  were  taken  at  1-hour  intervals  until 
the  maximum  warping  in  each  direction  had  occurred. 
In  making  the  comparison  for  a  transverse  joint,  deflec- 
tions at  the  free  corner  (point  E)  were  compared  with 
those  at  the  transverse  joint  corner  (point  C).  For  a 
longitudinal  joint  the  deflections  at  the  free   corner 
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(point  E)  were  compared  with  those  at  a  longitudinal 
joint  corner  (point  F). 

The  lines  along  which  the  clinometer  points  were 
installed  for  the  warping  studies  are  shown  in  the  third 
quadrant  of  figure  8.  The  restraint  to  warping  offered 
by  a  transverse  joint  was  indicated  by  a  comparison  of 
the  curvature  along  the  line  E3 — A3  with  that  along 
the  line  C3 — A3.  For  the  same  study  of  the  longitudinal 
joint  action  the  curvature  along  the  line  E3 — 13  was 
compared  with  that  along  the  line  F3 — 13. 

In  measuring  the  curvature  with  the  clinometer  two 
sets  of  readings  were  made  for  each  comparison,  the 
first  in  the  early  morning  at  a  time  when  the  upper 
surface  of  the  pavement  was  at  a  lower  temperature 
than  the  lower  surface  and  a  second  set  in  the  early 
afternoon  when  the  temperature  of  the  upper  surface 
of  the  slab  was  above  that  of  the  lower  surface. 

Since  any  tendency  of  the  joint  to  restrain  the  slab 
edge  from  warping  freely  would  be  reflected  by  an  in- 
crease in  the  magnitude  of  the  warping  stresses,  a  com- 
parison was  made  in  each  case  between  the  warping 
stresses  at  a  free  edge  and  those  at  the  joint  in  question. 
The  method  of  arriving  at  the  values  of  the  warping 
stresses  from  measured  strains  was  described  in  part  2 
of  this  series  of  reports.  The  location  of  the  strain 
gages  for  these  comparisons  is  shown  in  the  fourth 
quadrant  of  the  test  section  in  figure  8.  In  the  study 
of  the  transverse  joint  the  stresses  indicated  by  the 
group  of  gages  at  I4  were  compared  with  those  measured 
by  corresponding  gages  at  G4.  Similarly,  for  the  study 
of  the  longitudinal  joint  the  stresses  indicated  by  the 
group  of  gages  at  A4  were  compared  with  those  found 
at  the  corresponding  positions  at  point  B4. 

As  remarked  before,  every  joint  is  potentially  a 
structural  weak  spot  and  some  means  for  strengthen- 
ing this  part  of  the  slab  is  usually  a  part  of  the  joint 
design.  The  common  method  is  by  transferring  part 
of  the  load  to  the  adjoining  slab  through  the  shear 
resistance  of  the  joint.  In  this  investigation  the  rela- 
tive effectiveness  of  the  various  joints  from  the  stand- 
point of  their  ability  to  strengthen  the  slab  edge  was 
determined  by  comparing  the  critical  strains  and  de- 
flections caused  by  a  load  acting  near  a  joint  edge  with 
those  produced  by  the  same  load  at  other  points  on  the 
slab. 

Loads  were  applied  at  the  four  corner  points  C,  D, 
E,  and  F  (fig.  8)  to  determine  how  effectively  the  joint 
functioned  in  reducing  the  critical  deformations  caused 
by  a  load  acting  at  the  corner  of  the  slab.  Similarly, 
the  effectiveness  of  the  design  under  the  action  of  loads 
applied  at  the  joint  edge  (but  away  from  the  slab 
corner)  was  determined  from  data  obtained  with  loads 
applied  at  points  A,  B,  G,  I,  and  H.  The  lines  along 
which  the  curvature  of  the  slab  was  measured  under 
the  action  of  the  applied  loads  are  shown  in  the  second, 
third,  and  fourth  quadrants,  while  the  strain-gage 
locations  that  were  used  in  this  part  of  the  study  are 
shown  in  the  first  quadrant  of  this  figure.  The  detailed 
schedule  of  the  deflection  measurements  follows: 


Load  applied  at  point: 
E3. 
C3. 
F3. 
LV 

A3. 
B3. 
I3. 
G8. 


CORNER  TEST 

Deflection  measured  along  line: 
E3 — A3  and  E3 — F3. 
A3— A2  and  C3 — D3. 
E3— 14. 
D3— B3. 


EDGE  TEST 


A3— B3. 

A3— H4. 
I3 — H3. 
H3 — H2. 


For  each  test  the  shape  of  the  unloaded  slab  was  de- 
termined, the  load  was  applied  and  the  shape  of  the 
loaded  slab  measured,  the  change  in  shape  being  taken 
as  the  deflection  caused  by  loading. 

CRITERION  OF  JOINT  EFFICIENCY  ADOPTED 

A  somewhat  similar  schedule  was  followed  in  making 
the  strain  measurements.  For  the  load  applied  at  the 
slab  corners  the  strains  were  measured  in  the  upper 
surface  of  the  slab  along  the  bisector  of  the  corner  angle. 
For  example,  with  a  load  applied  at  point  E!  the  strains 
were  measured  along  the  line  Ei — Ch  and  similarly  for 
the  other  corners  of  the  slab. 

For  loads  acting  at  the  edge  points  the  strains  were 
measured  both  parallel  and  perpendicular  to  the  slab 
edge  at  the  point  of  load  application  and  for  a  sufficient 
distance  along  a  line  perpendicular  to  the  edge  to  insure 
the  finding  of  the  critical  tensile  stress  in  the  upper 
surface  of  the  slab.  For  example,  with  a  load  acting 
at  point  Ai  the  strains  were  measured  in  both  directions 
directly  under  the  load  and  along  the  line  Ai — Hi. 

Loads  were  applied  at  point  H  solely  for  the  purpose 
of  obtaining  a  comparison  of  the  critical  stresses  caused 
by  a  load  at  this  point  with  those  caused  by  the  same 
load  applied  at  certain  other  points.  Since  the  critical 
stresses  occur  directly  under  the  load  in  the  case  of  a 
load  acting  in  the  interior  of  the  slab,  only  the  strains 
developed  in  the  upper  surface  directly  under  the  load 
were  measured.  These  strains  at  point  H  were  meas- 
ured in  both  the  longitudinal  and  transverse  directions. 

Before  making  a  comparison  of  the  relative  effective- 
ness of  various  joints  for  accomplishing  any  certain 
purpose,  it  is  necessary  to  establish  some  rational  basis 
of  comparison.  If  it  is  desired  to  compare  joints  on  the 
basis  of  their  ability  to  reduce  the  deflection  of  the  slab 
edge  at  some  particular  point,  then  deflection  measure- 
ments at  that  point  may  be  used  as  a  means  for  estimat- 
ing the  effectiveness  of  the  joint.  However,  if  the  pur- 
pose of  the  joint  design  is  to  reduce  the  stresses  from 
applied  loads  so  as  to,  in  effect,  increase  the  load-carry- 
ing capacity  of  the  edge  of  the  slab,  then  it  is  necessary 
to  arrive  at  the  basis  of  comparison  through  the  meas- 
urements of  strains  and  not  deflections,  for  it  has  been 
clearly  demonstrated  in  these  tests  that  the  precision 
of  the  deflection  data  is  not  sufficient  to  warrant  any 
conclusions  relative  to  attendant  stress  conditions.  The 
question  then  arises  as  to  how  stresses  determined  from 
strain  measurements  may  best  be  used  as  a  basis  for 
judging  the  relative  structural  effectiveness  of  various 
joint  designs. 

It  has  been  established  that  if  a  given  load  is  applied 
at  various  points  on  the  surface  of  a  concrete  pavement 
slab  of  uniform  thickness  the  critical  stress  will  be  a 
minimum  when  the  load  is  applied  at  an  interior  point 
and  that  the  critical  stress  will  reach  its  maximum  value 
when  the  load  is  applied  at  the  free  edge. 

If  a  joint  operated  with  a  maximum  amount  of 
structural  efficiency,  it  would  reduce  the  critical  load 
stress  at  the  joint  edge  to  a  value  equal  to  that  found 
in  the  interior  of  the  slab.  If,  on  the  other  hand,  it 
was  completely  ineffective  the  critical  stress  for  a  load 
at  the  joint  would  equal  the  critical  stress  for  the  same 
load  acting  at  a  free  edge. 

These  two  values  therefore,  delimit  the  range  of 
joint  efficiency  so  far  as  the  ability  to  reduce  load 
stresses  is  concerned  and  suggest  a  stress  formula  which 
will  furnish  a  rational  measure  of  joint  efficiency. 

If,  for  a  given  applied  load  on  a  slab  of  uniform 
thickness, 
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<jj  is  the  critical  stress  for  the  load  applied  at  the  joint 

edge, 
<jt  is  the  critical  stress  for  the  load  applied  at  the  free 

edge, 
and  <ji  is  the  critical  stress  for  the  load  applied  at  an 

interior  point. 
Then  the  joint  efficiency,  E,  may  be  expressed  as 
follows: 

Of—Oi 

In  other  words,  the  reduction  in  edge  stress  accom- 
plished by  the  joint  under  consideration  is  compared 
to  that  accomplished  by  the  complete  continuity  of  the 
interior  condition,  as  a  measure  of  efficiency. 

In  making  the  stress  determinations  upon  which  the 
joint  efficiency  values  were  based,  it  was  not  con- 
sidered desirable  to  depend  entirely  upon  stress  values 
obtained  at  a  single  point  no  matter  how  well  estab- 
lished the  value  might  be. 

For  the  determination  at  each  load  point,  therefore, 
eight  tests  were  made,  each  at  a  somewhat  different 
location.  For  example,  to  establish  a  stress  value  for 
the  free  edge  (point  A)  eight  tests  were  made  alto- 
gether, and  in  no  two  was  the  bearing  p  ate  in  the 
same  spot  on  the  same  quadrant  of  the  test  section, 
although  in  all  cases  it  was  at  the  free  edge  and  close 
to  the  midpoint  of  the  slab  length. 

Tests  were  made  also  at  all  of  the  longitudinal  joint 
corners  on  the  four  constant-thickness  slabs  but  were 
not  made  at  these  corners  on  the  thickened-edge  slabs 
because  there  would  be  no  basis  for  comparing  strains 
measured  at  corners  of  different  thicknesses. 

Deflection  and  strain  data  that  indicate  the  strength- 
ening effect  of  thickened  edges  at  slab  corners  appear 
later  in  this  report. 

DATA  ON  VARIATIONS  IN  JOINT  WIDTH  PRESENTED 

The  annual  variation  in  the  widths  of  the  various 
transverse  joint  openings  is  indicated  by  the  data  shown 
in  figure  9  in  which  the  ordinates  are  the  variations  in 
the  measured  joint  width  when  compared  to  a  set  of 
initial  measurements  made  in  November  1930,  shortly 
after  the  pavement  was  constructed.  The  morning 
measurements  were  made  between  9  and  9:30  and  the 
afternoon  measurements  between  3:30  and  4  o'clock. 

The  joint  designations  used  in  this  figure  are  as  fol- 
lows: The  transverse  joint  in  the  center  of  the  test 
section  is  given  the  same  number  as  the  test  section 
in  which  it  is  located.  For  example,  joint  3-3  refers  to 
the  transverse  joint  across  the  center  of  test  section  3. 
The  open  joint  between  two  adjoining  test  sections  is 
given  the  numbers  of  the  two  sections  between  which 
it  is  found,  as  for  example,  joint  2-3  is  the  open  joint 
between  test  sections  2  and  3.  It  will  be  recalled  that 
these  open  joints  between  the  test  sections  were  all  2 
inches  wide  and  were  kept  open,  preventing  any  con- 
nection between  the  slab  ends. 

It  was  mentioned  earlier  that  the  expansion  and  con- 
traction measurements  were  of  necessity  made  at  the 
level  of  the  upper  surface  of  the  pavement.  The  ob- 
served horizontal  movements  were  therefore  the  results 
of  the  direct  expansion  and  contraction  of  the  slab 
combined  algebraically  with  the  horizontal  component 
(at  the  plane  of  the  measurements)  of  any  tilting  of 
the  slab  ends  caused  by  warping.  To  determine  the 
changes  in  joint  width  caused  solely  by  expansion  or 
contraction  of  the  slab,  it  is  necessary  to  correct  the 
observed  changes  for  the  effect  of  the  warping  present 
at  the  time  of  observation. 


Figure  9  shows  the  seasonal  variations  in  observed 
joint  width.  The  correction  for  warping  mentioned  in 
the  preceding  paragraph  is  considerably  more  important 
in  a  consideration  of  the  daily  variations  than  it  is 
when  seasonal  changes  are  involved  for  the  following 
reasons: 

The  afternoon  observations  were  made  at  the  time 
of  maximum  downward  warping  of  the  slab  edges. 
During  the  summer  when  the  pavement  was  expanded 
to  its  greatest  length  the  slab  edges  were  warped  upward 
by  moisture  conditions  within  the  slab  to  the  maximum 
degree.  Data  were  presented  in  the  second  report  of 
this  series  to  show  the  relative  degrees  of  the  daily  and 
seasonal  warping  found  in  the  test  sections  at  different 
seasons  of  the  year.  The  data  presented  in  that  report 
on  the  effect  of  seasonal  moisture  changes  indicated 
that  the  moisture  condition  was  rather  unstable  during 
the  summer  months.  This  resulted  from  abnormal 
weather  conditions  during  the  summer  of  the  year  in 
which  the  observations  were  made.  Moisture  warping 
observations  that  have  been  made  since  that  report 
was  written  and  the  data  showing  the  change  in  length 
of  the  pavement  caused  by  moisture  changes  both  indi- 
cated that,  under  normal  summer  weather  conditions, 
the  moisture  state  of  the  pavement  is  quite  stable  dur- 
ing the  summer  months. 

It  is  indicated  by  the  data  just  mentioned  that  the 
downward  warping  of  the  slab  edges  on  critical  days 
during  the  summer  at  the  time  of  the  afternoon  obser- 
vations is  approximately  equal  to  the  upward  warping 
caused  by  the  seasonal  change  in  its  moisture  condition. 
This  conclusion  is  based  upon  the  assumption  that  all 
of  the  seasonal  moisture  warping  is  upward;  in  other 
words,  that  there  is  at  no  time  more  moisture  in  the 
pores  of  the  concrete  in  the  upper  part  of  the  pavement 
slab  than  is  present  in  those  near  the  subgrade.  This 
assumption  seems  to  be  supported  by  all  of  the  data 
available  from  these  tests. 

It  appears  therefore  that,  at  the  time  the  measure- 
ments indicating  the  maximum  closing  of  the  joints 
were  made,  the  slabs  were  probably  in  nearly  a  flat 
condition.  For  the  morning  observations  in  winter  all 
evidence  indicates  little  warping  from  either  moisture 
or  temperature.  If  these  assumptions  are  correct,  data 
such  as  are  shown  in  figure  9  indicate  the  seasonal 
variations  in  the  widths  of  the  joints  with  sufficient 
accuracy  without  corrections  for  the  effects  of  warping. 
The  indicated  daily  variations  in  joint  width  are  not 
true  measures  of  expansion  and  contraction  and  should 
not  be  used  without  correction.  The  method  used  for 
determining  the  magnitude  of  the  warping  correction 
is  described  a  little  farther  on  in  this  report  in  connec- 
tion with  the  discussion  of  daily  variations  in  joint  width. 

SLABS  DID  NOT  EXPAND  AND  CONTRACT  SYMMETRICALLY 

If  a  comparison  is  made  between  the  annual  variations 
in  width  of  the  several  joints,  it  will  be  observed  that 
the  movements  at  the  joints  formed  by  the  free  ends 
of  the  slabs  are,  in  general,  greater  than  those  at  the 
regular  transverse  joints.  The  observed  difference 
bjetween  the  opening  of  the  transverse  test  joints  and 
that  of  the  open  joints  between  the  test  sections  in- 
dicates that  the  resistance  of  the  former  to  expansion 
and  contraction  movements  causes  either  a  deformation 
that  alters  the  length  of  the  slab  or  a  shifting  of  the 
center  of  the  slab  panel  longitudinally  over  the  sub- 
grade. 

That  there  is  no  appreciable  stress  deformation  that 
changes  the  slab  length  is  shown  by  the  numerous 
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Figure  9. — Seasonal  Variations  in  Width  of  Each  of  the  Transverse  Joints  Over  a  Typical  1-Year  Period.     Joint 
Opening  Shown  as  Positive,  and  Joint  Closing  Shown  as  Negative.     Each  Value  is  a  10-Day  Average. 


measurements  of  the  variation  in  slab  length  with 
temperature  changes  that  were  presented  in  the  second 
paper  of  this  series.  It  will  be  remembered  that  these 
indicated  that  the  deformation  or  change  in  slab  length 
caused  by  the  subgrade  resistance  during  expansion  or 
contraction  is  negligible  in  slabs  of  this  length.     It  must 


be  concluded,  therefore,  that  the  10-  by  20-foot  slabs  do 
not  expand  and  contract  symmetrically  with  respect  to 
the  subgrade  at  their  midpoints.  This  eccentricity  of 
movement  is  evident  in  all  of  the  sections,  although  it 
is  more  noticeable  in  some  than  in  others.  It  will  be 
discussed  in  more  detail  a  little  farther  on  in  this  report. 
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Figure  10. — Maximum  Seasonal  Changes  in  Width  of 
the  Transverse  Joints.  Maximum  Range  February  16 
to  June  22,  1931.  The  Ranges  Shown  Are  From  the 
Average  Minimum  as  Shown  bt  the  Morning  Measure- 
ments on  Cold  Days  in  February  to  the  Average  Maxi- 
mum as  Shown  by  the  Afternoon  Measurements  on  Hot 
Days  in  June. 

It  will  be  observed  further  that  several  of  the  trans- 
verse joints  opened  more  during  the  winter  of  1932 
than  during  the  winter  of  1931  and  that  consistently 
the  adjacent  open  joints  opened  less  during  this  same 
period  and  each  by  approximately  the  same  amount. 
This  condition  is  most  noticeable  in  the  two  transverse 
planes  of  weakness  (joint  3-3  and  joint  4-4)  and  for 
the  two  joints  containing  the  dowel  plates  (joints  2-2 
and  5-5),  and  also,  for  some  reason  that  is  not  apparent, 
in  the  dowelled  joint  6-6.  During  1931  these  joints 
closed  very  little  if  any  after  March. 

Figure  10  was  constructed,  from  the  same  basic  data 
that  were  presented  in  the  preceding  figure,  for  the 
purpose  of  showing  the  relative  freedom  of  the  different 
transverse  joints  to  expand  and  contract.  Selecting 
arbitrarily  the  period  between  February  16  and  June 
22  as  giving  a  wide  range  in  temperature,  the  average 
maximum  range  of  movement  for  each  of  the  transverse 
joints  during  this  period  was  determined.  In  the  prep- 
aration of  figure  10,  the  daily  values  rather  than  10-day 
averages  such  as  are  shown  in  figure  9  were  used  to 
obtain  the  average  maximum  and  average  minimum 
values.  The  indicated  seasonal  movements  are  there- 
fore greater  in  figure  10  than  in  figure  9.  The  data  for 
the  joints  are  arranged  in  this  figure  in  the  order  of 
descending  values  of  the  observed  maximum  seasonal 
movement.  Since  the  sections  are  all  of  the  same  length 
and  each  is  completely  separated  from  its  neighbors, 
the  amount  of  movement  which  occurs  at  each  test 
joint  during  a  given  period  of  time  may  be  assumed  to 
be  a  measure  of  the  relative  freedom  of  action  so  far 
as  expansion  and  contraction  are  concerned. 

Joint  1-1  was  constructed  as  a  clear  opening  one- 
half  inch  wide  between  two  thickened-end  slabs.  It 
was  filled  with  a  bituminous  joint  filler  shortly  after 
construction.  So  far  as  the  joint  filler  is  concerned, 
it  should  offer  relatively  little  resistance  to  expansion 
and  contraction  movements.  The  opinion  has  been 
expressed  that  this  type  of  slab  end  exercises  a  restrain- 
ing action  that  prevents  the  slab  from  contracting 


Figure  11. — Comparative  Movements  at  the  Transverse 
Joint  and  at  the  Free  Ends  of  One  of  the  Test  Sec- 
tions. Positive  Value  Indicates  Opening  of  the  Joint 
and  Negative  Value  Indicates  Closing  of  the  Joint. 

freely  and  causes  a  corresponding  stress  in  the  con- 
crete, due  to  the  inclined  surface  of  the  subgrade  over 
which  it  presumably  has  to  move. 

In  the  second  report  of  this  series  it  was  shown  that, 
for  the  subgrade  material  and  slab  lengths  concerned 
in  these  tests,  the  earth  of  the  subgrade  adhered  to 
the  bottom  of  the  slab,  "bending"  or  moving  forward 
with  the  slab.  Under  such  conditions  the  incline  of 
the  lower  surface  of  the  slab  would  not  increase  the 
resistance  over  that  of  a  flat  slab.  It  is  indicated  by 
the  data  in  figure  10  that  the  thickened-end  slab  joint 
1-1  permits  the  slabs  to  expand  and  contract  as  freely 
as  any  of  the  other  transverse  joints  tested  in  this 
investigation. 

Joints  7-7,  10-10,  9-9,  8-8,  and  6-6  contain  the 
unbonded,  round,  steel  dowel  bars.  The  movements 
at  all  of  these  are  of  approximately  the  same  magnitude 
and  about  the  same  as  that  at  joint  1-1,  with  the  one 
exception  of  the  seasonal  movement  of  joint  6-6. 
There  is  no  apparent  reason  why  the  seasonal  movement 
of  this  one  joint  should  be  appreciably  different  from 
those  of  the  other  joints  of  the  same  type.  The  data 
indicate  a  high  degree  of  relative  freedom  for  the  dowel 
joints  with  little  or  no  variation  in  the  restraint  with 
the  number  of  dowels  per  joint. 

Other  data,  which  supplement  those  shown  in  figure 
9,  were  obtained  in  the  measurements  on  section  10. 
These  data  are  given  in  figure  11  in  which  the  amount 
of  movement  at  the  test  joint  10-10  and  at  the  free 
ends  of  the  section  are  shown  at  frequent  intervals 
over  a  period  of  about  1  year.  This  section  was  sepa- 
rated from  the  one  adjoining  by  an  open  space  of  con- 
siderable width.  The  expansion  and  contraction  meas- 
urements were  therefore  made  to  fixed  reference  points 
at  each  end  of  the  section.  Since  both  ends  were 
completely  free  the  difference  between  the  movements 
at  the  free  ends  when  compared  with  the  correspond- 
ing movements  at  the  transverse  test  joint,  as  shown 
in  figure  11,  give  a  good  idea  of  the  degree  of  restraint 
developed  in  joint  10-10.  In  figure  10  this  joint  is 
among  the  group  compared,  hence  a  basis  is  furnished 
for  estimating  the  order  of  restraint  to  expansion  and 
contraction  offered  by  each  of  the  joints. 

DOWEL-PLATE     JOINTS     OFFERED     MORE    RESISTANCE    TO    SLAB 
MOVEMENT  THAN  DID  UNBONDED  DOWEL  BARS 

For  example,  if  the  maximum  movement  found 
during  the  year  shown  in  figure  11,  i.  e.,  November  1931 
to  November  1932,  for  joint  10-10  is  expressed  as  a 
percentage  of  the  movement  measured  at  the  com- 
pletely free  slab  ends,  it  will  be  found  that  the  move- 
ment at  the  joint  was,  in  round  numbers,  80  percent  of 
that  at  the  free  ends  of  the  test  section.  If  this  per- 
centage is  applied  to  the  movement  shown  in  figure  10 
for  joint  10-10,  the  analysis  indicates  that  a  movement 
for  a  completely  unrestrained  joint  would  be  of  the 
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order  of  0.065  inch.  With  this  value  as  a  basis,  the 
restraining  action  of  each  of  the  10  joint  designs  can 
be  estimated. 

It  is  indicated  that  joint,  1-1,  constructed  as  an  open 
joint  and  filled  with  a  poured  joint  filler,  is  not  com- 
pletely free  and  it  seems  likely  that  during  the  expansion 
of  the  concrete  the  compression  of  the  filler  material 
in  the  joint  required  an  amount  of  force  approximating 
that  required  to  overcome  both  the  resistance  of  the 
filler  and  the  resistance  of  the  dowels  in  each  of  joints 
7-7,  10-10,  9-9,  and  8-8.  If  this  is  so,  then  the  force 
required  to  cause  the  dowels  to  slide  in  these  joints  must 
be  very  small,  because  the  resistance  of  the  joint  filler 
to  compression  must  be  about  the  same  in  each  of  the 
joints  in  this  group. 

Joints  5-5  and  2-2  contained  the  one-fourth  by  4-inch 
steel  dowel  plates.  The  measurements  show  that  the 
seasonal  movement  of  these  two  joints  was  approxi- 
mately three-fifths  of  that  of  the  dowelled-joint  group 
(7-7,  10-10,  9-9,  8-8,  and  6-6).  It  is  indicated,  there- 
fore, that  the  plate-dowel  joints  offer  a  greater  resist- 
ance to  expansion  and  contraction  than  do  joints  con- 
taining properly  installed  round  steel  dowel  bars  which 
are  not  in  bond  with  the  concrete. 

Joints  3-3  and  4-4  are  the  two  transverse  plane-of- 
weakness  or  dummy-type  joints;  the  latter  contain 
three-fourths-inch  diameter  dowel  bars  spaced  18  inches 
between  centers.  The  seasonal  movements  of  these 
joints  are  the  smallest  for  any  of  the  transverse  joints. 
That  this  is  caused  by  the  complete  closing  of  these 
joints  in  the  early  summer  is  clearly  shown  by  the  data 
already  presented  in  figure  9.  In  examining  this  figure, 
attention  is  called  particularly  to  the  large  movements 
of  joint  3-4  lying  between  the  two  dummy  joints.  The 
closing  of  the  dummy  joints  throws  any  subsequent 
expansion  into  slab  displacement  or  slab  deformation 
under  stress.  In  such  slabs  the  short  slab  length  and 
the  adjacent  open  joints  provide  the  necessary  relief 
from  compression.  The  plane  of  weakness  joints  con- 
tract freely  and  relieve  tension.  Also,  joints  of  this 
type  undoubtedly  reduce  greatly  the  warping  stresses. 
They  do  not  appear  to  relieve  slab  expansion  to  any 
great  extent,  however. 

Figure  12  shows  data  obtained  during  a  cycle  of 
measurements  of  width  made  at  each  of  the  transverse 
joints  at  approximately  2-hour  intervals  over  a  period 
of  24  hours.  As  noted  in  the  figure,  these  particular 
observations  were  made  during  the  latter  part  of  June 
1931,  the  time  of  year  when  large  temperature  differ- 
entials are  developed  in  the  test  slabs. 

On  the  same  day  that  the  daily  variations  in  trans- 
verse joint  width  shown  in  figure  12  were  obtained, 
the  warped  shapes  of  the  slabs  were  measured  at  inter- 
vals of  approximately  2  hours  with  the  clinometer. 
From  these  clinometer  data,  curves  similar  in  character 
to  those  shown  in  figures  25-28  and  31  of  the  second 
paper  of  this  series  were  obtained.  These  curves  were 
plotted  to  suitable  scales  and  the  slope  of  the  upper 
surface  at  the  extreme  end  of  the  pavement  slab  was 
estimated  graphically.  From  this  the  change  in  slope 
of  the  vertical  end  face  of  the  slab  was  determined  for 
the  rather  extreme  conditions  of  temperature  warping 
which  obtained  on  the  particular  day  that  the  measure- 
ments were  made.  From  this  change  in  slope  the 
effect  upon  the  measurement  of  joint  width  was  cal- 
culated and  applied  as  a  correction  to  the  expansion 
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change  in  width-inches 

-Maximum   Daily   Changes  in   Width   of  the 
Transverse  Joints. 

and  contraction  measurements  obtained  at  the  trans- 
verse joints  on  the  same  day.  Both  the  uncorrected 
and  the  corrected  values  are  shown  in  figure  12. 

It  will  be  noted  that  the  apparent  change  in  joint 
width  caused  by  the  rather  extreme  temperature  warp- 
ing amounts  to  a  closing  of  0.007  to  0.009  inch  during 
the  day  and  an  opening  of  0.003  to  0.004  inch  during 
the  night.  From  the  corrected  curves  of  daily  varia- 
tions in  joint  width,  figure  13  was  constructed  to  show 
the  relative  extent  of  the  true  expansion  and  contrac- 
tion that  occurred  at  each  transverse  test  joint  for  this 
particular  June  day. 

In  general  the  indications  of  figure  13  as  to  relative 
joint  freedom  are  the  same  as  those  shown  in  figure  10 
for  the  slower  seasonal  movements.  The  restraint  to 
expansion  and  contraction  offered  by  the  dowel-plate 
joints  is  apparent  in  figure  13  and  it  appears  that  this 
restraint  is  greatest  at  the  time  when  the  slab  edges 
are  warped  downward  to  the  greatest  degree.  It  is 
possible  that  slab  warping  causes  an  increase  in  the 
friction  between  the  plate  and  its  sockets  and  that  the 
irregularity  in  these  curves  is  caused  by  the  variation 
in  the  frictional  resistance  as  the  extent  of  the  slab 
warping  varies. 

ECCENTRICITY    OF   SLAB    MOVEMENT    DURING    EXPANSION    AND 
CONTRACTION  STUDIED 

In  connection  with  the  discussion  of  figure  9,  men- 
tion was  made  of  a  tendency  for  the  measured  move- 
ment at  the  transverse  test  joints  to  differ  in  magnitude 
from  that  observed  at  the  open  joints  at  certain  times 
and  under  certam  conditions  of  temperature.  A  study 
of  this  relation  has  been  made  throughout  the  period 
of  the  investigation  and  much  has  been  learned  of  its 
nature  although  the  causes  for  the  observed  behavior 
are  not  entirely  clear. 

Figure  14  shows  the  movements  at  joint  3-3,  a 
transverse  plane  of  weakness  without  dowels.  Figure 
14  also  shows  the  corresponding  movements  at  the 
open  joint  3-4  and  maximum,  minimum,  and  average 
air  temperatures  for  a  period  of  about  two  months 
during  the  winter  of  1930-31. 

It  will  be  noted  in  this  figure  that  frequently  the 
movement  at  the  test  joint  is  of  about  the  same  magni- 
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Figure  14. — Changes  in  the  Width  of  Adjacent  Trans- 
verse and  Open  Joints  During  a  Period  When  Eccentric 
Movements  Were  Noted.  Observations  Were  Made  at 
2  P.  M.  Positive  Value  Indicates  Opening  of  the  Joint 
and  Negative  Value  Indicates  Closing  of  the  Joint. 

tude  as  that  at  the  free  end,  and  yet  whenever  a  marked 
temperature  change  occurs  there  is  a  tendency  for  the 
movement  at  the  free  end  greatly  to  exceed  that  at 
the  test  joint.  This  effect  is  particularly  noticeable 
during  a  sudden  drop  in  temperature  such  as  that 
which  occurred  between  December  15  and  17,  1930. 
Whenever  the  observed  movement  at  the  free  end 
exceeds  that  at  the  transverse  joint,  the  slab  is  not 
expanding  or  contracting  symmetrically  with  respect 
to  the  midpoint  between  the  two,  the  slab  panel  being 
shifted  as  a  whole  toward  the  end  at  which  the  smallest 
change  of  position  was  observed. 

This  phenomenon  was  noticed  on  all  of  the  test  sec- 
tions, being  greater  on  some  than  on  others,  and  being 
noticeably  greater  during  the  winter  than  in  the  sum- 
mer. Also,  it  was  greater  during  the  first  winter 
following  the  laying  of  the  pavement  than  during  the 
second  winter,  as  can  be  seen  by  an  examination  of  the 
data  in  figure  9. 

To  bring  out  the  variation  in  the  degree  of  eccen- 
tricity during  the  year,  figure  15  was  prepared  from 
observations  on  section  7.  The  transverse  joint  in  this 
section  contained  round  dowels  at  18-inch  intervals. 
The  movements  of  the  transverse  joint,  expressed  as 
percentages  of  that  at  the  free  end  of  the  slab  are  shown 
as  ordinates  to  the  curve.  It  is  interesting  to  note  how 
this  variation  follows  in  a  general  way  the  annual 
variation  in  average  daily  air  temperature,  definitely 
indicating  that  the  phenomenon  is  caused  primarily  by 
temperature.  During  the  summer  months  the  move- 
ments at  the  two  points  of  measurement  are  nearly 
the  same,  but  during  cold  weather  the  movement  at 
the  transverse  joint  is  from  5  to  15  percent  less  than 
that  at  the  open  joint  at  the  free  end  of  the  slab.  As 
already  stated,  the  difference  was  found  to  be  greatest, 
for  any  particular  season,  at  times  of  sudden  change 
in  temperature. 

The  observations  were  continued  over  a  period  of 
nearly  5  years  in  order  to  determine  whether  the  move- 
ments tended  either  to  open  or  to  close  the  transverse 
joints  or  whether  they  were  compensating  in  their 
effects. 
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The  net  change  in  width  of  each  of  the  transverse 
joints  and  of  each  of  the  open  joints  on  which  measure- 
ments were  made  is  shown,  for  the  period  between 
November  1930  and  August  1935,  in  table  2. 

Table  2. — Changes  in  transverse  joint  width  1  (November  1930  to 
August  1935) 


Test  joints 

Open  Joints 

Joint  no. 

Net 
change  in 

width 

Joint  no. 

Net 

change  in 

width 

1-1 

Inches 
+0. 010 
+.096 
+.093 
+.110 
+.072 
+.039 
+.003 
+.018 
+.005 
-.024 

1-2 

Inches 
—0  074 

2-2. 

2-3 

—  089 

3-3 

3-1 

—  108 

4-4 

4-5... 

—.090 

5-5- 

5-6 

6-6 

6-7 

—.026 

7-8 

—.034 

8-8 

8-9 _ 

—.023 

9-9 

9-10 _ 

10-10 -- 

i  The  values  shown  are  the  net  changes  in  joint  width  after  the  observed  widths 
had  been  corrected  for  the  estimated  effects  of  pavement  temperature  difference  and 
moisture  difference,  averaged  for  the  two  halves  of  the  pavement  (on  either  side  of  the 
longitudinal  center  joint)  and  expressed  in  inches  per  20  feet  of  slab  length.  A  posi- 
tive sign  indicates  an  opening  and  a  negative  sign  a  closing  of  the  joint. 

The  data  indicate  that  while  all  of  the  transverse 
joints,  except  that  in  section  10,  opened  to  some  degree, 
the  two  weakened-plane  joints  (3-3  and  4-4)  and  the 
two  containing  the  dowel  plates  (2-2  and  5-5)  appa- 
rently opened  by  about  one-tenth  inch  during  the  period 
covered  by  the  observations.  In  all  of  the  other  sec- 
tions the  opening  has  been  very  much  less  and  in  sec- 
tion 10  a  slight  closing  has  apparently  occurred. 

A  comparison  of  the  movement  at  the  transverse 
joints  with  that  at  the  open  joints  will  show  that  the 
change  in  width  has  been  accompanied  by  a  correspond- 
ing change  in  the  open  joints.  This  indicates  that  some 
resistance  to  expansion  and  contraction  existing  at  the 
transverse  joint  caused  a  permanent  displacement  of 
the  pavement  slab  away  from  the  transverse  joint  and 
toward  the  open  joint.  The  magnitude  of  the  dis- 
placement is  probably  a  rough  measure  of  the  relative 
freedom  of  the  various  transverse  joints  to  expand  and 
contract. 

In  figure  20  of  the  second  paper  of  this  series  data 
were  presented  to  show  the  approximate  magnitude  of 
the  force  required  to  move  a  slab  a  given  distance  on 
this  particular  subgrade.  An  estimate  of  the  restrain- 
ing force  developed  by  the  different  transverse  joints 
may  be  made  by  finding  the  distance  through  which 
any  particular  joint  causes  the  abutting  slab  to  be  dis- 
placed over  the  subgrade  and  then  calculating  the  force 
required  to  cause  this  movement. 

LONGITUDINAL  JOINTS   TENDED    TO   OPEN   IN   WARM   WEATHER 

The  restraining  forces  were  calculated  in  this  manner 
for  the  four  sections  in  figure  10  that  show  the  least 
seasonal  movement  at  the  transverse  joint  (sees.  2,  5, 
3,  and  4),  and  the  estimated  unit  stress  developed  by 
joint  restraint  in  each  is  shown  in  table  3  with  the  data 
upon  which  the  calculations  were  based.  It  is  indi- 
cated that  the  dowel-plate  joints  caused  restraint  which 
may  develop  either  tensile  or  compressive  stresses  of 
approximately  30  pounds  per  square  inch,  and  the 
plane-of- weakness  or  dummy  joint  may  cause  compres- 
sive stresses  of  approximately  the  same  magnitude. 
It  is  probable  that  if  the  slabs  had  been  forced  to  ex- 
pand and  contract  against  the  full  resistance  of  their 
joints,  instead  of  being  comparatively  free  to  shift 
their  position  as  they  were  in  these  tests,  a  much  more 
serious  stress  would  have  resulted. 
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Figure  15. — Variations  in  the  Eccentricity  of  Slab 
Movement  Compared  With  the  Variations  of  Mean 
Air  Temperature.  the  Curves  Show  the  General 
Trend  of  the  Temperature  and  of  the  Eccentric  Move- 
ments of  the  Joints  But  Do  Not  Indicate  Changes  That 
Take  Place  Over  Short  Periods  of  Time. 

The  tendency  for  the  joints  to  increase  in  width  with 
time  is  of  particular  interest  in  connection  with  the 
weakened-plane  joints  when  no  dowels  or  other  positive 
means  for  load  transfer  has  been  provided.  The  in- 
crease, though  small,  is  a  large  percentage  of  the  width 
of  the  original  crack  and  it  makes  the  load-transfer 
action  of  such  joints  problematical.  It  also  creates  a 
joint  opening  that  is  difficult  to  seal  against  moisture 
and  solid  matter. 

Table  3. — Estimated  stresses  resulting  from  joint  restraint  during 
expansion  and  contraction  ' 


o 

o 

Eh 

Type  of  slab  cross 
section 

Type  of  transverse 
joint 

Weight 
of  slab, 
10-foot 
width 

Dis- 
place- 
ment 
of 

slab 

Total 
com- 
puted 
thrust- 
ing 
force 

Area 

of 
cross 
sec- 
tion 

Esti- 
mated 

unit 
stress a 

?, 

9-7-9. 

Dowel  plate 

do.. 

Pounds 
18, 250 
16, 125 
17, 775 

18, 000 

Inches 

0.025 

.022 

.029 

.031 

Pounds 
25, 550 
21, 350 
27, 100 

28,800 

Sg. 

in. 
875 
774 
853 

864 

Lbs. 
per 
sq.  in. 
±29 
±28 

S 

9-6-9 

3 
4 

9-6  .3-9  (A.  A.  S. 
H.  O.). 

9-6.3-9    (para- 
bolic). 

Plane  of  weakness 

(no  dowels). 
Plane  of  weakness 

(doweled). 

—32 

—33 

1  The  period  covered  is  the  same  as  that  shown  in  fig.  10. 

2  A  positive  sign  indicates  tensile  stress  and  a  negative  sign  indicates  compressive 
stress. 

The  daily  measurements  of  width  of  the  longitudinal 
center  joints  of  6  of  the  10  test  sections  over  a  period 
of  about  1  year  are  shown  in  figure  16.  Joints  C-6 
and  C-7  are  not  shown,  as  they  were  constructed  as 
planes  of  weakness  and  had  not  cracked  through  at 
the  time  of  the  measurements.  Joints  C-3  and  C-10 
had  not  been  equipped  with  measuring  points  at  the 
time  of  the  measurements. 

The  measurements  were  made  at  the  same  time  of 
day  as  those  at  the  transverse  joints,  so  that  this 
graph  shows  the  same  relation  as  was  brought  out  in 
figure  9,  i.  e.,  the  maximum  seasonal  movements.  In 
studying  this  graph  it  is  well  to  bear  in  mind  that  the 
effective  slab  length  in  this  direction  is  10  feet  and  that 
all  joints  except  C-4  and  C-7  were  crossed  by  bonded 
steel  bars  4  feet  in  length.  As  noted  above,  joint  C-7 
had  not  cracked  through  at  the  time  of  the  measure- 
ments but  joint  C-4  affords  a  good  example  of  a  free 
joint  for  purposes  of  comparison.  It  will  be  observed 
that  the  movement  of  this  joint  is  approximately  twice 
as  great  as  that  measured  at  the  bonded  joints. 
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Figure  16. — Seasonal  Variations  in  Width  of  Each  of  the 
Longitudinal  Joints  Over  a  Typical  1-Year  Period. 
Joint  Opening  Shown  as  Positive  and  Joint  Closing 
Shown  as  Negative.     Each  Value  is  a  10-Day  Average. 

These  data  indicated  that  in  all  cases  the  longi- 
tudinal joints  tend  to  open  as  warm  weather  comes  on, 
although  a  slight  closing  occurs  each  day  as  the  slab 
expands  with  temperature.  The  possibility  that  this 
rather  curious  behavior  was  the  result  of  temperature 
and  moisture  warping  was  investigated  in  the  same 
manner  as  that  described  in  the  discussion  of  transverse 
joint  movements.  It  was  found  that  the  change  in 
slope  of  the  slab  edge  at  the  longitudinal  joint  under 
extreme  conditions  of  daily  temperature  warping  might 
be  as  great  as  10/10,000  for  maximum  downward 
warping  (afternoon  condition)  and  2/10,000  for  maxi- 
mum upward  warping  (night  condition). 

The  effect  of  moisture  change  was  also  investigated 
and  it  was  found  that  from  extreme  upward  warping 
from  this  cause  (summer  condition)  to  extreme  down- 
ward warping  (winter  condition)  a  change  in  slope  of 
the  slab  edge  of  about  12/10,000  occurred.  The  nor- 
mal or  unwarped  condition  of  the  slab,  representing 
the  condition  where  no  moisture  gradient  was  present, 
was  not  determined  so  that  it  is  not  possible  to  break 
down  this  total  change  in  slope  into  its  two  com- 
ponents of  upward  and  downward  warping.  The  evi- 
dence indicates,  however,  that  the  slab  is  practically 
unwarped  from  this  cause  during  the  winter. 

CERTAIN  TYPES  OF  TRANSVERSE  JOINT  OFFERED  LITTLE  OR  NO 
RESTRAINT  TO  SLAB  WARPING 

Assuming  that  as  warping  occurs,  joints  containing 
dowel  bars  in  bond  either  widen  or  close  at  the  top  of  the 
slab  and  that  at  the  plane  of  the  bars  the  joint  width 
remains  constant,  it  is  found  that  the  total  temperature 
warping  would  cause  an  apparent  daily  change  in  width 
of  the  longitudinal  joint  of  a  7-inch  slab  (with  the 
bonded  dowel  bars  at  mid-depth)  of  0.008  inch.     Since 
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Figure  17. — Apparent  Changes  in  Width  of  the  Various 

LONGITUDICAL  JOINTS  CAUSED  BY  DAILY  CHANGES  In  TEM- 
PERATURE of  the  Pavement.  A  Negative  Value  Indi- 
cates Closing  of  the  Joints. 

the  total  change  in  slope  for  extreme  daily  temperature 
warping  equals  that  for  total  warping  caused  by  annual 
moisture  changes,  it  is  probable  that  moisture  change 
will  produce  an  annual  change  in  width  of  approxi- 
mately the  same  magnitude. 

The  effect  of  the  daily  cycle  of  temperature  changes 
is  an  apparent  closing  of  the  joint  during  the  day  and  a 
corresponding  opening  during  the  night.  The  seasonal 
cycle  of  moisture  variations  should  cause  an  apparent 
opening  of  the  joints  during  the  summer  months  and  a 
closing  during  the  winter. 

This  is  in  agreement  with  the  observed  behavior,  as 
will  be  seen  by  referring  to  figures  16  and  17,  which 
show  the  uncorrected  measurements  of  longitudinal 
joint  width  during  a  24-hour  cycle  of  temperature 
changes.  It  is  found  that  the  magnitude  of  the  ob- 
served variations  agrees  closely  with  what  might  be 
expected  from  the  warping  that  was  known  to  occur. 

While  the  method  of  computing  the  effect  of  warping 
on  joint  width  is  necessarily  an  approximate  one,  it  is 
believed  that  these  computations  show  quite  definitely 
that  a  large  part  of  the  apparent  variation  of  longitu- 
dinal joint  width  shown  in  figures  16  and  17  is  caused 
by  slab  warping  and  that,  in  the  case  of  the  joints 
containing  bonded  steel,  there  was  in  reality  little  or  no 
opening  and  closing  caused  by  expansion  and  con- 
traction. 

Joint  C-4  is  a  rectangular  tongue-and-groove  joint 
without  bonded  steel.  There  is  a  tendency  for  this 
joint  to  increase  in  width  with  time.  It  is  not  known 
how  long  this  progressive  opening  vail  continue  but  the 
fact  that  it  has  opened  is  of  particular  interest  as  indi- 
cating  the   probable   movement   of   the   longitudinal 


September  1936 


PUBLIC   ROADS 


161 


NO  6    9  INCH  UNIFORM  SECTION 
3/4-INCH  DIAM  DOWELS  27  INS  C-C 


NO  10    6-INCH  UNIFORM  SECTION 
3/4-INCH  DIAM  DOWELS    1 6  INS  C-C 


<f 

**** 

(/ 

/ 

it 

1 

-7 

MA( 

27-28, 

931 

V^j 

j> 

f 

// 

<~<V 

MAY  27-28, 

931 

NO  3      9- 

1  9  IN  i1  SECTION 

0 
020 
040 
060 

PLANE  OF  WEAKNESS  -  NO  DOWELS 

y 

jS=»— 

J 
J 

080 

100 

1 

MAY  27-28,1931 
I 

"~** 

y 

1 

3       12              ( 

AM  {• PM 

io     1     ; 

6 

AM 

NO  2       9-7-9-INCH  SECTION 
1/4  IN  BY  4-INCH  DOWEL  PLATE  l/2-IN  OPENING 


';-free  corner      o-transverse  joint  corner 

Figure  18. — Comparison  of  the  Cycles  of  Temperature 
Warping  Movements  at  the  Transverse  and  Free  Joint 
Corners  of  Typical  Slabs. 

plane-of-weakness  joint  (C-7)  had  this  joint  been 
cracked  through  at  the  time. 

A  study  was  made  of  the  relative  vertical  deflections 
at  the  free  and  the  joint  edges  of  the  various  slabs  to 
determine  the  magnitude  of  the  restraint  offered  by 
the  various  transverse  and  longitudinal  joints.  The 
deflected  or  warped  shapes  of  the  slab  axes  were 
measured  with  a  clinometer  and  the  cycles  of  vertical 
displacement  of  slab  comers  were  measured  with 
micrometer  dials.  Typical  deflection  data  obtained 
from  these  measurements  are  shown  in  figures  18  to  21, 
inclusive.  Since  there  were  no  thermocouple  installa- 
tions in  the  majority  of  the  slabs,  it  was  not  possible 
to  determine  exactly  the  time  at  which  the  different 
slabs  were  of  constant  temperature  throughout  their 
depth  and  hence  were  in  the  unwarped  condition. 
Therefore,  for  these  particular  comparisons,  the  total 
change  that  occurred  during  a  full  daily  cycle  is  used 
in  each  case. 

The  extent  of  the  vertical  displacements  caused  by 
temperature  warping  at  both  the  free  and  the  trans- 
verse joint  corners  of  several  of  the  test  sections  are 
shown  in  figure  18.  Since  the  deflection  resulting  from 
warping  is  greater  at  the  corner  than  at  any  other 
point  along  the  edge,  it  seems  reasonable  that  any 
restraining  effect  of  the  joint  would  be  most  apparent 
in  deflection  data  obtained  at  the  corners.  For  this 
reason  any  indications  of  restraint  in  this  figure 
probably  represent  approximately  maximum  conditions. 

Data  for  two  doweled  joints,  a  dummy  joint,  and 
a  dowel  plate  are  included  in  this  figure.  Data  for 
the  doweled  joint  with  the  dowels  at  27-inch  intervals 
indicate  some  resistance  to  warping,  while  those  for 
the  other  doweled  joints  in  which  dowels  are  installed 
at  18-incb  intervals  actually  show  a  greater  deflection 
at  the  joint  corner  than  at  the  free  corner.     This  is 
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Along 


rather  typical  of  much  of  the  data  obtained  during 
these  particular  measurements.  At  times  the  free 
corner  would  show  a  slightly  greater  range  of  deflections 
than  the  joint  corner  and  again,  at  some  other  time, 
the  reverse  would  be  true.  The  differences  were 
generally  so  small  as  to  be  of  no  great  importance  in 
interpreting  the  data.  The  data  for  the  transverse 
weakened-plane  or  dummy  joint  and  for  the  dowel- 
plate  joint  indicate  quite  definitely  that  little  or  no 
restraint  to  warping  is  offered  by  either  design. 

In  figure  19  the  effects  of  temperature  warping  along 
the  free  edge  of  several  of  the  sections  are  shown  for 
days  on  which  relatively  large  temperature  variations 
occurred.  The  zero  or  base  values  for  these  curves  were 
observations  made  at  approximately  6  a.  m.  in  each 
case,  while  the  other  set  was  made  in  the  early  after- 
noon at  the  time  of  maximum  downward  warping  of 
the  slab  edges.  An  indication  of  the  degree  of  restraint 
to  warping  offered  by  several  transverse  joints  is 
obtained  by  comparing  the  warping  at  the  transverse 
joint  with  that  at  the  free  end  of  the  slab. 

The  joint  types  covered  by  figure  19  are  the  same 
as  in  the  preceding  figure,  except  that  the  dummy 
joint  shown  in  figure  19  contains  dowels  and  the  dowel- 
plate  joint  has  a  different  joint  opening.  The  indica- 
tions of  this  graph  are  in  general  agreement  with  those 
of  figure  18  and,  so  far  as  these  deflection  data  go,  one 
would  conclude  that  none  of  the  designs  of  transverse 
joints  included  in  these  observations  show  any  indi- 
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Figure  20. — Comparison  op  the  Cycles  of  Temperature 
Warping  Movements  at  the  Longitudinal  and  Free 
Joint  Corners  of  the  Slabs  of  Uniform  Thickness. 

cation  of  offering  serious  resistance  to  warping.  Final 
judgment  as  to  the  efficiency  of  the  various  joints  in 
permitting  warping  should  be  reserved  until  certain 
stress  data  to  be  presented  later  are  examined. 

CERTAIN  TYPES  OF  LONGITUDINAL  JOINT  OFFERED  NOTICEABLE 
RESTRAINT  TO  SLAB  WARPING 

In  the  case  of  the  longitudinal  joints  the  study  of 
the  effect  of  the  joint  design  on  the  restraint  to  warping, 
based  upon  the  deflection  data,  was  restricted  to  the 
four  sections  having  a  constant  slab  thickness;  in  all 
of  the  others  the  thickening  of  the  free  edges  prevented 
a  direct  comparison  of  deflection  data  obtained  at  the 
joint  with  those  obtained  at  the  free  edge  of  the  slab. 
Fortunately,  the  more  important  types  of  longitudinal 
joint  are  represented  in  these  four  sections,  as  shown 
in  the  following  summary: 

Types  of  longitudinal  joint :  S'a6  lhifZt 

Corrugated  plate  with  bars  at  60-inch  intervals 6 

Butt  joint  (tarred  felt)  with  bars  at  24-inch  intervals..       7 

Plane  of  weakness.     No  bars 8 

Plane  of  weakness  with  bars  at  24-inch  intervals 9 

Figure  20  shows  the  relative  magnitudes  of  the 
vertical  displacements  measured  at  the  free  and 
longitudinal  joint  corners  of  each  of  these  four  sections 
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Figure  21. — Temperature     Warping     Deflections     Along 
Free  End  of  Uniform-Thickness  Sections. 

over  a  full  daily  cycle.  The  method  of  measurement 
was  the  same  as  that  described  in  connection  with  the 
discussion  of  transverse  joint  action. 

These  curves  indicate  that  the  weakened-plane  type 
of  joint,  which  provides  a  greatly  reduced  section  at 
the  joint,  caused  very  little  restraint  to  temperature 
warping  even  when  crossed  by  bonded  steel.  The 
butt-type  joint  and  the  type  that  contains  a  deformed, 
metal  separating  plate  both  appear  to  offer  noticeable 
resistance  to  warping  action. 

Restraint  to  warping  in  joints  that  are  crossed  by 
bonded  steel  results  from  a  resisting  moment  which 
develops  between  the  tension  of  the  bonded  steel  bars 
and  the  compression  in  the  abutting  surfaces  of  con- 
crete in  the  two  slab  edges  as  the  joint  closes  when  the 
slab  begins  to  warp.  The  length  of  the  moment  arm 
depends  upon  the  distance  to  which  the  effective  section 
extends  either  above  or  below  the  plane  containing  the 
steel.  With  the  position  of  this  plane  fixed  and  at  some 
point  typical  of  general  practice  as,  for  example,  half- 
way between  the  two  surfaces  of  the  slab,  a  relatively 
deep  groove  in  the  upper  surface  such  as  is  present  in 
weakened-plane  joints  greatly  reduces  the  moment  arm 
for  the  condition  of  downward  warping  and  effects  a 
corresponding  reduction  in  the  restraint.  Restraint  to 
upward  warping  would  not  be  relieved  by  such  a  groove, 
however.  Joints  that  contain  little  or  no  reduction  in 
section  provide  a  greater  moment  arm  and,  with  other 
conditions  the  same,  will  develop  more  restraint  to 
warping. 

Curves  showing  the  change  in  slope  and  the  extent  of 
the  warping  that  occurred  across  the  free  end  of  each 
of  the  constant-thickness  slabs  during  some  particular 
day  are  shown  in  figure  21.  The  data  were  obtained 
with  the  clinometer  in  the  manner  previously  described. 
The  evidences  of  restraint  shown  by  these  data  are  in 
accord  with  what  was  shown  by  figure  20. 

Additional  information  on  the  relative  restraint  to 
warping  of  the  various  transverse  joints  was  obtained 
as  a  result  of  stress  determinations  based  on  strain 
measurements  made  at  the  positions  shown  in  quadrant 


September  1936 


PUBLIC    ROADS 


163 


4  of  figure  8.  The  two  gages  placed  perpendicular  to 
and  6  inches  from  the  free  edge  were  used  as  index 
gages  and  the  average  deformation  measured  at  these 
points,  when  corrected  by  means  of  Poisson's  ratio  for 
the  strain  measured  by  the  gage  parallel  to  the  slab 
edge,  was  used  as  a  base  for  computing  the  strains 
caused  by  restrained  warping  at  other  points.15 

Stress  values  obtained  in  this  manner  for  typical 
cases  of  warping  for  certain  of  the  transverse  joints  are 
given  in  table  4  and  for  the  longitudinal  joints  in  table  5. 
A  comparison  between  the  stresses  found  at  correspond- 
ing points  near  the  joint  edge  and  free  edge  of  a  slab 
panel,  for  a  given  temperature  condition,  brings  out 
the  effect  of  the  joint  on  the  stresses  caused  by  warping. 
For  example,  the  stresses  at  a  point  18  inches  from  the 
joint  edge  should  be  compared  with  those  found  at  the 
same  distance  from  the  free  edge. 

Table  4. — Warping  stresses  caused  by  the  various  transverse  joints 
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C3 

ft 
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CO+^ 

CO 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

per 

per 

per 

per 

per 

Inches 

sq.  in. 

sq. in. 

sq.  in. 

sq.  in. 

sq.  in. 

July  19 

7 

Doweled 

18 

+5 

+32 

0 

July  26.. 

7 

do. ..-. 

18 

+20 

+5 

-50 

June  28 

4 

Plane  of  weak- 
ness. 

18 

-68 

-25 

-35 

-12 

+59 

June  29 

4 

do 

P      18 

-93 

-35 

-30 

-14 

+22 

June  30 

3 

do 

None 

+69 

+80 

-10 

-5 

-65 

July  3 

3 

do 

do 

+97 

+100 

+15 

+42 

-43 

Sept.  20 

2 

Dowel  plate 

Continuous 

-25 

-22 

+32 

+56 

+30 

Sept.  28 

2 

do 

do 

-9 

-42 

+10 

-14 

-61 

Sept.  10 

4 

Crack 

None 

-140 

-140 

-25 

1  A  positive  sign  indicates  tensile  stress  and  a  negative  sign  compressive  stress  in 
the  upper  surface  of  the  slab. 

Table   5. —  Warping  stresses  caused  by  the  various  longitudinal 

joints 


Test 
sec- 
tion 
no. 

Type  of  joint 

Dowel 
spacing 

Transverse  stress  ' 

Date  tested 
(1934) 

6 
inches 
from 
joint 

18 
inches 
from 
joint 

is 

inches 

from 

free 

edge 

July  7 

23 

3 
25 
10 
9 
9 

22 

2 
6 
6 

7 

7 

Tongue.. . 

Inches 
60 
60 
60 
60 
24 
24 
48 
48 
60 
60 
None 
None 

Lbs.  per 
sq.  in. 
-53 
-15 

-6 
-38 

+6 
-20 
-68 
-59 
-41 

-7 
-20 
-17 

Lbs.  per 
sq.  in. 
-23 
-10 
-57 
-60 
+28 
+8 
-80 
-90 
-65 
-42 
-25 
-32 

Lbs.  per 
sq.  in. 
+40 

July  11 

do 

+68 

Aug.  22 

Oct.  3.. 

"I"do"Z""~"~III~I" 

-40 

-18 

Sept.  18 

Butt 

+48 

Sept.  19 

Sept.  26 

Oct.  2.. 

I""doI"I"I""."I""II 

+38 
-18 
-27 

July  21 

Plane  of  weakness 

+2 

July  24 

do 

+55 

July  16 

do 

-15 

July  17 

do 

+  10 

1  A  positive  sign  indicates  tensile  stress  and  a  negative  sign  compressive  stress  in 
the  upper  surface  of  the  slab. 
8  Thickened-edge  slab. 

DATA  SHOW  THAT  JOINTS  SHOULD  OFFER  A  MINIMUM  OF 
RESTRAINT  TO  WARPING 

Since  the  deformations  were  all  measured  in  the  up- 
per surface  of  the  pavement  for  a  condition  in  which 
the  edges  of  the  slab  were  warping  downward,  restraint 
to  warping  would  be  expected  to  cause  an  increase  in 

»  For  a  discussion  of  the  formulas  and  methods  of  computing  these  stresses  the 
reader  is  referred  to  the  second  report  of  this  series  published  in  Public  Roads,  vol. 
16,  no.  9,  November  1935. 


the  compressive  stresses  at  the  positions  near  the  joint 
edge  over  those  found  at  corresponding  positions  near 
the  free  edge. 

A  number  of  tests  were  made  on  thickened-edge  slabs. 
The  fact  that  a  slab  has  thickened  edges  should  not 
affect  the  stress  comparisons  so  far  as  the  transverse 
joints  are  concerned  but  the  comparisons  for  the  longi- 
tudinal joints  are  affected  because  the  index  gages, 
being  at  the  thicker,  outside  edge  of  the  slab,  will  record 
a  larger  deformation  for  a  given  degree  of  bending  than 
will  the  gage  at  a  corresponding  position  near  the  thin- 
ner, longitudinal  joint  edge.  In  the  case  of  transverse 
stresses,  the  stresses  themselves  are  small  and  the  effect 
at  the  thickened  edge  does  not  appear  to  be  important. 
In  the  case  of  the  longitudinal  stresses,  however,  the 
effect  is  more  important  and  these  data  have  been 
omitted  from  table  5  for  this  reason.  It  is  indicated 
by  both  the  deflection  and  stress  data  that  none  of  the 
longitudinal  joints  causes  any  serious  restraint  to  warp- 
ing in  the  direction  parallel  to  the  joint. 

It  will  be  noted  that  the  stress  values  given  in  tables 
4  and  5  are  generally  small  and  that  they  tend  to  be 
erratic.  It  is  believed  that  the  tendency  for  the  stress 
values  to  be  erratic  is  caused  in  part  by  the  variable 
behavior  of  the  slabs,  which  was  mentioned  previously 
in  connection  with  the  deflection  data,  and  in  part  by 
the  small  deformations  and  relatively  few  measure- 
ments involved.  In  most  of  the  other  stress  determina- 
tions in  these  investigations  it  was  possible  to  average 
a  considerable  number  of  observations  of  deformations 
which  in  themselves  were  of  much  greater  magnitude 
than  those  being  considered  here.  It  may  be  said, 
however,  that  the  stress  data  show  no  indications  of 
serious  restraint  to  warping  in  any  of  the  designs  tested. 

Attention  is  called  to  the  fact  that  the  tests  on  the 
weakened-plane  joints  were  made  during  the  summer, 
when  the  joints  were  closed,  a  condition  which  should 
produce  the  maximum  restraint  to  warping  in  slabs  of 
the  length  used  in  these  tests. 

The  crack  in  one  of  the  slabs  of  section  4  was  tested 
as  a  joint  and,  as  shown  by  the  data  in  table  4,  appeared 
to  exert  a  greater  restraint  to  warping  than  any  of  the 
joint  designs.  There  are  probably  two  related  causes 
for  this.  The  first,  and  probably  the  most  important, 
is  the  firm  connection  of  the  cracked  panel  with  the 
adjoining  uncracked  panel  by  a  tongue-and-groove 
type  of  longitudinal  joint  which  exerted  a  stiffening 
effect  on  the  cracked  panel.  The  second  is  that  the 
two  broken  edges  of  the  cracked  panel  appeared  to  be 
tightly  in  contact  at  all  times. 

For  warping  to  take  place  it  is  necessary  to  displace 
the  two  slabs  abutting  the  crack  longitudinally  a  slight 
amount.  Except  for  some  frictional  resistance  in 
the  longitudinal  tongue-and-groove  joint  the  only  force 
resisting  this  longitudinal  movement  is  the  resistance 
to  deformation  of  the  subgrade  material,  the  magni- 
tude of  which  varies  with  the  length  of  the  slab.  In 
this  particular  case  the  resistance  must  have  been  quite 
small  because  the  slab  length  was  only  10  feet.  _  In 
longer  slabs,  forces  of  considerable  magnitude  might 
easily  be  created  at  times  when  the  concrete  was  in  an 
expanded  condition  and  the  cracks  tightly  closed, 
although  the  presence  of  the  crack  tends  to  ameliorate 
the  warping  stress  conditions  in  its  vicinity. 

The  deflection  and  stress  data  just  presented  to  show 
the  relative  degree  of  the  restraint  to  warping  offered 
by  the  various  joints  tested  in  this  investigation  are  but 
a  part  of  the  data  obtained  although  they  are  typical 
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in  all  instances.  To  some  extent  they  are  erratic  but 
it  is  believed  that  in  spite  of  this  the  deflection  and 
stress  data  both  indicate  that  none  of  the  joint  designs 
which  were  tested  are  sufficiently  resistant  to  bending 
to  offer  serious  restraint  to  warping.  The  data  do 
point  to  the  danger  of  designing  joints  which  are  re- 
sistant to  bending  because  of  the  warping  stresses  that 
such  designs  are  likely  to  cause  to  be  developed  at 
times  when  warping  of  the  slab  occurs.  It  is  indicated 
that  a  fundamental  structural  requirement  in  joint 
designs  should  be  that  the  resistance  to  bending  in 
both  directions,  but  particularly  in  a  plane  perpendicu- 
lar to  the  direction  of  the  joint,  be  a  minimum  in  order 
that  the  stresses  caused  by  warping  restraint  will  be  as 
small  as  possible. 

STUDY  MADE  OF  THE  RELATIVE  ABILITY  OF  VARIOUS  JOINTS  TO 
STRENGTHEN  THE  JOINT  EDGE  OF  THE  SLAB 

The  third  group  of  tests  of  joints  was  planned  to 
develop  data  that  would  show  the  relative  effectiveness 
of  the  different  designs  from  the  standpoint  of  their 
ability  to  reduce  the  natural  weakness  of  the  slab  at  the 
joint  edge.  With  the  one  exception  of  the  thickened 
ends  used  at  the  transverse  joint  in  section  1,  this 
strengthening  of  the  slab  edge  was  accomplished 
through  a  transfer  to  the  adjacent  slab  of  a  part  of  any 
load  applied  near  the  joint.  The  influence  of  the 
several  designs  on  the  deflections  and  on  the  stresses 
in  the  vicinity  of  the  applied  loads  will  be  brought  out 
in  the  discussion  which  follows. 

Figures  22  to  25  contain  data  showing  how  the 
various  parts  of  the  different  slabs  deflect  under  the 
influence  of  loads  applied  at  the  points  designated  in 
the  figures.  The  curves  show  the  measured  deflections 
for  the  two  slabs  abutting  the  joint  under  test,  and,  for 
comparison,  the  deflection  of  a  corresponding  edge  or 
corner  under  the  same  load  but  lacking  the  support  of 
a  connecting  joint.  For  example,  in  figure  22,  which 
shows  the  deflections  of  the  outside  edge  of  the  test 
section,  a  load  applied  on  one  side  of  the  transverse 
joint  deflected  the  two  abutting  slab  ends  in  the  manner 
shown  by  the  crosses,  while  the  same  load  placed  near 
the  free  end  of  the  outside  edge  produced  the  deflection 
of  the  free  end  which  is  indicated  by  the  circles.  Re- 
ferring back  to  figure  8,  which  shows  the  location  of  the 
lines  of  clinometer  points  in  the  four  quadrants,  the 
crosses  in  figure  22  show  deflections  at  points  along  the 
line  A3 — A2  for  a  load  at  C3  while  the  circles  show  the 
deflections  at  points  along  the  line  E3 — A3  for  the  same 
load  at  E3. 

In  making  an  estimate  of  the  ability  of  the  various 
joints  to  reduce  the  deflection  of  the  slab  edge  on  which 
the  load  is  applied,  certain  assumptions  have  been 
made: 

1.  If  the  joint  design  has  a  maximum  of  effectiveness 
in  performing  this  function,  a  load  placed  on  one  side 
of  but  close  to  the  joint  edge  should  cause  equal  deflec- 
tion of  the  two  slab  ends  that  abut  the  joint. 

2.  If  the  joint  design  is  completely  ineffective  in 
this  respect,  a  load  on  one  side  of,  but  close  to,  the  joint 
should  produce  no  deflection  of  the  slab  end  on  the 
opposite  side  of  the  joint. 

The  first  and  second  assumptions  serve  as  the  basis 
for  the  first  method  of  estimating  joint  effectiveness 
from  the  deflection  data.  The  method  will  be  described 
in  a  succeeding  paragraph. 

3.  If  the  joint  design  has  a  maximum  of  effectiveness, 
the  application  of  a  given  load  at  the  joint  should  pro- 
duce a  deflection  having  a  magnitude  one-half  as  great 


as  that  which  would  be  produced  by  the  same  load 
acting  at  an  unsupported  edge. 

4.  If  the  joint  design  is  completely  ineffective,  a 
given  load  will  cause  the  same  deflection  when  applied 
at  the  joint  edge  and  at  a  corresponding  point  of  the 
free  edge  of  the  test  slab. 

The  third  and  fourth  assumptions  are  the  basis  of  the 
second  method  of  estimating  joint  effectiveness  from 
the   deflection   data. 

It  is  believed  that  all  of  the  assumptions  are  correct 
for  the  condition  of  complete  and  uniform  contact 
between  the  slab  and  the  subgrade,  because,  for  such  a 
condition,  the  load-deflection  relation  is  practically 
linear  for  loads  within  the  safe  stress  range.  It  is 
indicated  by  these  tests  that  this  condition  rarely  pre- 
vails and  that  the  extreme  edges  of  the  slab  are  in  full 
contact  with  the  subgrade  only  when  they  are  warped 
downward. 

Since  the  joint  tests  were  made  with  the  slabs  in  an 
unwarped  condition  brought  about  by  the  protective 
coverings  described  in  the  first  report,  the  edges  of  the 
panels  were  not  in  full  contact  with  the  subgrade  at  the 
time  the  loads  were  applied,  with  the  result  that  the 
load-deflection  relation  is  not  linear.  A  typical  example 
of  the  character  of  this  relation  for  a  load  applied  at 
the  free  corner  of  one  of  the  test  sections  is  given  in 
figure  26.  It  will  be  noted  that  for  equal  increments  of 
load,  each  succeeding  increment  causes  a  somewhat 
smaller  increment  of  deflection.  This  condition  affects 
the  third  assumption  because,  for  a  given  load,  the  free 
edges  and  corners  are  generally  deflected  more  than  the 
joint  edges  and  corners.  The  third  assumption  there- 
fore does  not  apply  strictly  to  the  conditions  under 
which  the  tests  were  made  and  this  fact  should  be 
considered  in  the  application  of  these  data. 

On  the  basis  of  these  four  assumptions  it  is  possible 
to  estimate  the  extent  to  which  the  various  joints  are 
effective  in  reducing  the  deflection  of  the  loaded  joint 
edge,  by  making  use  of  the  deflection  data  given  in 
figures  22  to  25,  inclusive. 

DEFLECTION  OF  LOADED  SIDE  OF  JOINT  ALWAYS  EXCEEDED  THAT 
OF  ADJACENT  SIDE 

Two  methods  are  available  for  making  such  an  esti- 
mate. As  noted  previously,  the  first  method  makes 
use  of  the  first  and  second  assumptions,  while  the  second 
method  makes  use  of  the  third  and  fourth  assumptions. 
Figure  27  shows  the  comparisons  that  are  involved  in 
each  method  of  analysis. 

While  it  is  believed  that  the  first  method  is  probably 
the  better  measure  of  the  ability  of  the  joint  design  to 
reduce  deflection  because  it  does  not  involve  the  third 
assumption,  both  methods  are  of  some  value  and  will 
be  used  in  the  comparisons  which  follow. 

Figure  22  shows  the  deflections  along  the  outside  edge 
of  the  various  slabs  caused  by  a  load  at  points  E3  and 
C3  and  gives  some  indication  of  the  effectiveness  of  the 
joint  constructions  in  reducing  tbe  deflections  caused 
by  loads  applied  at  the  joint  corners.  For  a  load  at 
point  E3  the  shape  of  the  deflected  slab  is  shown 
between  points  E3  and  A3,  while  for  a  load  at  point  C3 
the  shape  is  shown  between  points  A3  and  A2. 

Figure  23  shows  the  extent  of  the  deflections  along 
the  centerline  of  a  10-  by  20-foot  panel  caused  by  loads 
applied  either  at  point  13  or  G3  and  indicates  the  effect 
of  the  various  transverse  joints  on  the  deflection  caused 
by  a  load  acting  at  a  transverse  joint  at  a  point  away 
from  a  longitudinal  edge.  For  a  load  at  point  I3  the 
shape  of  the  deflected  centerline  is  shown  between 
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NO    I        THICKENED-END   JOINT,    1/2-INCH   OPENING 
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X-LOAD   AT   POINT     C3  (SEE    FIG.  8) 
O-LOAD   AT    POINT    E3  (SEE    FIG.  8) 


Figure  22. — Comparison  of  Deflections  Along  Free  Edge  of  Test  Panels  for  Loads  Placed  at  Free  Corner  and  at 
Corresponding  Transverse  Joint  Corner.  All  Dowels  Used  in  Transverse  Joints  Were  %  Inch  in  Diameter  and 
36  Inches  Long. 
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NO.  I        THICKENED-END    JOINT,   l/2-INCH    OPENING 
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NO.  5       DOWEL- PLATE     JOINT,    3/4-INCH    OPENING 
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Figure  23. — Comparison  of  Deflections  Along  Longitudinal  Centerline  of  Test  Panels  for  Loads  Placed  at  Midpoint 
of  Free  End  and  at  Corresponding  Point  at  Transverse  Joint.  All  Dowels  Used  in  Transverse  Joints  Were 
%  Inch  in  Diameter  and  36  Inches  Long. 


points  I3  and  H3  while  for  a  load  at  G3  the  deflections 
are  shown  between  points  H3  and  H2. 

It  will  be  observed  that  the  data  for  transverse  joint 
1-1  (thickened  slab  ends)  are  included  in  these  figures. 
Since  there  is  a  complete  separation  of  slab  ends  in  this 
construction  and  no  load  transfer  is  intended,  these 
particular  load-deflection  data  do  not  have  the  same 
significance  as  do  those  that  apply  to  the  other  sections. 
As  would  be  expected  from  the  design,  the  two  ends  of 
the  10-  by  20-foot  panel  behave  in  identical  fashion  and 
a  load  applied  on  one  side  of  the  transverse  joint  causes 
no  deflection  of  the  slab  end  on  the  other  side  of  the 
joint. 

Figure  24  shows  the  deflections  along  the  end  of  the 
slabs  caused  by  loads  applied  either  at  points  E3  or  F3 
and  indicates  the  effectiveness  of  the  various  longi- 
tudinal joints  in  reducing  the  deflections  caused  by 
loads  applied  at  the  joint  corners  of  the  slab.  The 
shape  of  the  slab  is  shown  along  the  line  E3 — F3  for  a 
load  applied  at  E3  and,  similarly,  with  a  load  at  F3,  the 
deflections  between  the  points  E3  and  I4  are  shown. 


Figure  25  shows  the  deflections  along  the  transverse 
centerline  of  a  slab  panel  caused  by  loads  applied  at 
points  A3  and  B3,  and  these  data  indicate  the  ability  of 
the  various  longitudinal  joints  to  reduce  deflection  for 
loads  applied  near  the  longitudinal  joint  and  at  some 
distance  from  a  transverse  joint.  For  a  load  acting  at 
point  A3  the  deflections  are  shown  between  points  A3 
and  B3,  while  for  a  load  acting  at  B3  the  deflections  are 
shown  between  points  A3  and  H4. 

In  the  case  of  the  thickened-edge  slabs  it  is  not  possi- 
ble to  compare  directly  the  deflections  at  the  free  anc" 
the  longitudinal  joint  edges  of  the  slabs.  For  this  reasoi 
the  comparisons  in  figures  24  and  25  are  restricted 
the  constant- thickness  sections. 

In  the  data  just  presented  for  the  transverse  joints, 
it  will  be  observed  that  the  loaded  side  of  the  joint 
always  deflects  more  than  the  adjacent  side  to  whicl 
load  is  transmitted  by  the  joint  structure.  The  differ- 
ence is  greater  for  the  joints  containing  the  round  dowel 
bars  than  for  those  which  contain  the  dowel  plates. 
There  is  also  a  variation  in  the  magnitude  of  this  differ- 
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Figure  24. — Comparison  of  Deflections  Along  Free  End  of  Test  Panels  for  Loads  Placed  at  Free  Corner  and  at  Cor- 
responding Longitudinal  Joint  Corner.  Dowels  %  Inch  in  Diameter  Used  in  Joints  C-1,  C-2,  C-8,  aND  C-9;  Dowels 
"4  Inch  in  Diameter  Used  in  Joints  C-3,  C-5,  C-6,  and  C-10.     All  Dowels  in  Bond. 
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Figure  25. — Comparison  of  Deflections  Along  Transverse  Centerline  of  Test  Panels  for  Loads  Placed  at  Midpoint 
of  Free  Edge  and  at  the  Corresponding  Point  at  Longitudinal  Joint.  Dowels  %  Inch  in  Diameter  Used  in  Joints 
C-l,  C-2,  C-8,  and  C-9.     Dowels  y2  Inch  in  Diameter  Used  in  Joints  C-3,  C-5,  C-6,  and  C-10.     All  Dowels  in  Bond. 


ence  among  the  joints  that  contain  the  dowel  bars. 
This  variation  might  possibly  result  from  a  lack  of 
stiffness  in  the  dowel  bars  or  from  a  looseness  of  the 
dowels  in  the  concrete,  or  from  a  combination  of  the 
two.  In  order  to  develop  information  regarding  the 
relative  importance  of  each  of  these  factors,  a  series 
of  loads  was  applied  on  each  of  the  four  quadrants  of 
two  of  the  sections  at  a  joint  corner  (point  C)  and  at 
several  points  directly  over  dowel  bars  at  some  distance 
from  the  corners  (near  point  G). 

For  the  purpose  of  these  comparisons  it  is  assumed 
that,  for  a  load  applied  on  one  side  of  a  doweled  joint, 
so  long  as  the  dowels  are  firmly  in  bearing  on  each  side 
of  the  joint,  the  deflection  rate  of  the  adjacent  slab 
end  will  bear  a  constant  relation  to  the  deflection  rate 
of  the  loaded  slab  end.  The  ratio  of  the  one  to  the 
other  will  be  a  constant  as  each  load  increment  is  ap- 
plied. When  the  loaded  edge  begins  to  deflect,  the 
adjacent  edge  will  not  follow  immediately  if  any  defi- 
ciency in  dowel  seating  is  present,  and  this  lag  will  be 
evident  as  a  variation  in  the  ratio  between  the  load 
deflection  rates  for  those  increments  of  load  applied 
while  the  seating  deficiency  exists. 

DATA    ON    LOAD-DEFLECTION    MEASUREMENTS    AT   JOINT    EDGES 
PRESENTED 

Figure  28-A  shows  the  load-deflection  relation  for 
both  the  loaded  and  unloaded  joint  ends  at  the  corner 
of  the  panel,  for  sections  6  and  7,  for  a  series  of  uniform 
increments  of  applied  load.     From  the  corresponding 


deflection  increments   "k"  and 
V 


"P", 


the  mean  slope 


ratio,  -t,  was  calculated  for  each  increment  of  load  and 

these  values  are  plotted  as  ordinates  to  the  curves 
shown  in  figure  28-B. 

This  graph  indicates  that  the  dowels  at  the  corner  of 
section  6  were  slightly  loose,  because  the  ratio  is  smaller 
for  the  first  load  increments  than  for  the  later  ones. 
Apparently  the  6,000-pound  load  was  sufficient  to  take 
up  the  dowel  looseness  completely,  and  it  is  noted  that 
this  load  caused  a  maximum  deflection  of  the  loaded 
corner  of  about  0.016  inch.  In  the  case  of  section  7 
there  is  no  indication  of  dowel  looseness,  the  value  of 
the  ratio  being  practically  constant  for  all  load 
increments. 

The  flexibility  of  the  dowels  is  indicated  by  the  fact 
that  for  the  upper  increments  of  load  the  deflection  of 
the  adjacent  slab  corner  is  but  50  or  60  percent  of  that 
of  the  corner  on  which  the  load  was  applied. 

The  deflections  of  the  loaded  corners  of  the  two  sec- 
tions are  approximately  the  same  for  a  given  load  despite 
the  difference  in  slab  thickness.  The  amount  of  sup- 
port received  from  the  adjacent  slab  corner  is  not  the 
same  in  the  two  cases,  however,  and  this  probably 
accounts  to  a  large  extent  for  the  effect  noted. 

Figure  29  contains  data  obtained  in  similar  tests  on 
section  7  in  which  the  loads  were  applied  directly  over 
the  dowels  but  at  some  distance  from  the  longitudinal 
edges  of  the  slab  (near  point  G).  These  are  average 
curves  from  tests  made  at  several  points  on  the  same 
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Figure  26. — Typical    Load-Deflection     Relation     for    a 
Load  Acting  at  a  Free  Corner. 


x-DEFLECTION    CURVES  OF   JOINT  EDGE; 
o-  DEFLECTION    CURVE   OF  FREE  EDGE 


1ST    METHOD:      (a)        COMPARED    To(-^y^-) 
2ND  METHOD:  (c  -  b\  COMPARED    TO     (-§-) 


Figure  27. — Methods  of  Estimating  the  Effectiveness  of 
Joints  for  Reducing  Slab  Deflection  on  the  Basis  of 
Load-Deflection  Data. 

slab  and  are  plotted  in  the  same  manner  as  the  data 
shown  in  the  preceding  figure.  In  this  case  it  appears 
that  the  differences  between  the  deflections  of  the  two 
slab  ends  should  be  attributed  entirely  to  dowel  flexure, 
there  being  no  indication  of  dowel  looseness. 

A  comparison  of  the  values  of  the  slope  ratios  shown 
in  the  last  two  figures  shows  that  the  value  is  smaller 
for  loads  applied  near  the  joint  at  points  remote  from 
the  corner  than  for  loads  applied  near  the  slab  corner. 
This  indicates  that  to  obtain  the  same  percentage  of 
deflection  across  a  doweled  joint  at  all  points  a  stiffer 
transfer  medium  is  required  at  points  that  are  away 
from  the  slab  corner  than  is  required  in  the  immediate 
vicinity  of  the  coiner.  Also  a  stiffer  medium  is  required 
for  thick  slabs  than  for  thin  slabs. 

It  is  thought  that  the  data  shown  in  the  last  two 
figures  furnish  an  explanation  for  most  of  the  differ- 
ences found  in  the  deflection  data  presented  in  figures 
22  to  25,  inclusive.  In  general,  it  was  found  that  only 
a  very  few  of  the  dowels  were  sufficiently  loose  to  pro- 
duce any  apparent  detrimental  effect  on  the  ability  of 
the  joint  to  transfer  load.  This  is  rather  surprising 
when  consideration  is  given  to  the  very  small  deflec- 
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Figure  28. — Data  on  Study  of  Dowel  Stiffness  and  Dowel 
Looseness,  Transverse  Joint  Corners. 
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Figure  29. — Data  on  Study  of  Dowel  Stiffness  and  Dowel 
Looseness,  Transverse  Joint  Edges  (Section  7). 

tions  involved  in  this  action.  During  construction 
considerable  care  was  taken  to  place  the  concrete 
around  the  dowels  properly,  but  typical  field  methods 
were  employed  in  all  of  the  operations  and  the  condi- 
tion of  these  dowels  is  considered  representative  of 
what  can  be  obtained  where  dowels  are  carefully  in- 
stalled in  first-class  construction. 

Somewhat  similar  studies  of  the  deflections  of  con- 
crete pavement  slabs  caused  by  loads  acting  near  joints 
have  been  reported  by  the  State  highway  organizations 
of  Georgia  16  and  Michigan.17  The  data  given  in  these 
two  reports  are  in  general  agreement  with  those  which 
have  been  presented  in  figures  22  to  25,  inclusive. 

TWO  METHODS  USED  TO  MEASURE  EFFECTIVENESS  OF  JOINTS  IN 
REDUCING  DEFLECTION  OF  THE  LOADED  JOINT  EDGE 

Tables  6  and  7  were  developed  from  the  data  shown 
in  figures  22  to  25,  inclusive,  for  the  purpose  of  bring- 
ing out  more  directly  the  comparisons  that  appear  to 
be  significant.  Table  6  applies  to  the  transverse  joints 
and  table  7  to  the  longitudinal  joints. 

In  columns  5  and  8  of  these  tables  a  comparison  is 
made  between  the  sum  of  the  maximum  deflections  of 
the  two  slab  edges  abutting  the  joint  in  question  and 
the  deflection  of  a  corresponding  point  at  a  free  edge 
of  the  same  slab,  the  load  being  the  same  in  both  cases. 
Referring  to  figure  27,  the  comparison  of  deflections 

16  Tests  of  Load  Transmission  across  Joints  in  Concrete  Pavements,  by  Searcy  B. 
Slack,  Engineering  News- Record,  vol.  107,  no.  2,  July  9,  1931,  p.  53. 

17  Tests  of  Aggregate  Interlock  at  Joints  and  Cracks,  by  A.  C.  Benkelman,  Engi- 
neering News-Record,  vol.  Ill,  no.  8,  Aug.  24,  1933,  pp.  227-232. 
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involved  in  the  computation  of  the  values  shown  in 
columns  5  and  8  is  expressed  as  a  percentage  of  the  free 
edge  deflection  by  the  formula 

(a+b)-c 
c 

Columns  6  and  9  show  the  effectiveness  of  the  vari- 
ous joints  in  reducing  the  deflection  of  the  loaded  edge 
by  means  of  a  comparison  of  the  deflection  of  the  un- 
loaded joint  edge  with  the  mean  deflection  at  the  joint. 
This  is  the  first  method  previously  mentioned  and  the 
values  are  computed  by  the  formula 


(a±b) 
2 

Columns  7  and  10  give  similar  comparative  values 
developed  by  the  second  method,  the  reduction  in 
deflection  effected  by  the  joint  being  compared  to  one- 
half  of  the  deflection  of  the  free  edge  (a  reduction  of 
one-half  of  the  free  edge  deflection  would  mean  perfect 
joint  action).     This  relation  is  expressed  by  the  formula 

c-b 


Table  6. — Various   relations   between   the   deflections   caused   by 
loads  -placed  at  the  free  and  the  transverse  joint  edges  of  slabs 
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1  A  negative  sign  indicates  that  the  sum  of  the  deflections  of  the  two  edges  abutting 
the  joint  under  test  is  smaller  than  the  deflection  of  the  corresponding  point  at  the 
free  edge  of  the  slab. 

The  values  in  table  6  indicate  that  for  a  given  load 
the  sum  of  the  deflections  at  the  corner  of  a  transverse 
joint  is  nearly  always  greater  than  the  deflection  of 
the  corresponding  free  joint  corner.  At  the  transverse 
joint  edge  at  a  distance  from  the  corner,  in  some  cases 
the  sum  of  the  deflections  at  the  joint  edge  exceeds  the 
corresponding  deflections  at  the  free  edge  and  in  other 
cases  it  does  not. 

Earlier  in  the  discussion  it  was  shown  that  the  load- 
deflection  relation  at  a  slab  corner  is  not  linear  because 
the  slab  is  not  completely  in  contact  with  the  subgrade 
when  the  deflection  begins  and  the  conditions  of  sup- 
port change  gradually  as  the  deflection  progresses.  It 
was  shown  in  figure  26  that  for  equal  increments  of 
load  the  resulting  increments  of  deflection  gradually 


Table  7. — Various   relations   between   the   deflections   caused    by 
loads  placed  at  the  free  and  longitudinal  joint  edges  of  the  slabs 
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6 
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8 
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10 

Per- 

Per- 

Per- 

Per- 

Inches 

Percent 

cent 

cent 

Percent 

cent 

cent 

3 

Tongue 

Rectangle.. 

60 

100 

97 

5 

do 

do 

Trtanele 

Corrugated 

60 
60 

-26 

100 
100 

100 
100 

10 

126 

-12 

111 

4 

do 

Rectangle  . 

None 

91 

83 

9 

Butt. 

24 

-12 

96 

108 

-24 

100 

124 

8 

.  ..do 

36 

48 

100 
98 

100 
92 

? 

do 

1 

do 

60 

100 

jt 

94 

6 

Plane    of 

60 

12 

80 

65 

28 

85 

52 

weakness. 

•7 

.    do 

None 

33 

79 

40 

21 

100 

80 

1  All  dowels  across  longitudinal  joint  were  fully  bonded. 

'  A  negative  sign  indicates  that  the  sum  of  the  deflections  of  the  two  edges  abutting 
the  joint  under  test  is  smaller  than  the  deflection  of  the  corresponding  point  at  the 
free  edge  of  the  slab. 

decrease  as  the  magnitude  of  the  deflection  increases. 
It  is  thought  that  this  is  the  reason  that  the  combined 
deflections  at  a  transverse  joint  corner  nearly  always 
exceed  the  corresponding  deflection  at  a  free  corner. 
The  free  corner,  on  account  of  its  relatively  greater 
deflection,  is  able  to  offer  more  resistance  to  deflection. 
The  values  given  in  columns  5  and  8  of  these  tables  are 
significant  because  they  illustrate  the  point  just  dis- 
cussed and  help  to  explain  differences  in  the  values  of 
joint  effectiveness  as  estimated  by  the  two  methods  of 
analysis. 

When  the  loads  are  applied  at  the  slab  edges  at  some 
distance  from  a  corner,  the  deflections  are  all  small, 
relatively.  The  effect  of  varying  subgrade  support  is 
therefore  much  less. 

It  is  apparent  from  table  6  that  the  two  methods  of 
analyzing  the  deflection  data  to  determine  the  relative 
effectiveness  of  the  transverse  joint  designs  in  reducing 
the  deflection  of  the  loaded  edge  of  a  joint  give  different 
values  for  the  same  joint  design.  For  the  corner  load- 
ing the  first  method  of  calculation,  with  one  exception, 
yields  higher  values,  while  for  the  interior  edge  con- 
dition the  relation  between  the  values  obtained  by  the 
two  methods  of  comparison  is  quite  irregular.  The 
most  probable  cause  for  this  irregularity  has  already 
been  mentioned.  The  values  obtained  by  the  first 
method  probably  give  the  better  idea  of  the  ability  of 
the  joints  to  transfer  load,  while  those  obtained  by  the 
second  probably  give  a  better  indication  of  the  relative 
ability  of  the  joints  to  reduce  the  maximum  deflection 
of  the  loaded  edge.  Neither  method  gives  a  complete 
measure  of  the  structural  efficiency  of  the  joint  to 
which  it  is  applied,  however. 

WEAKENED-PLANE  JOINTS  CONTAINING  DOWELS  WERE  EFFECTIVE 
IN  REDUCING  SLAB  DEFLECTION 

From  table  6  it  appears  that  the  transverse  joints 
that  depend  upon  round  dowels  for  their  connection 
are  not  as  effective  in  reducing  maximum  deflections 
as  might  reasonably  be  expected.     The  data  for  the 
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joints  having  dowels  spaced  18  and  27  inches  apart, 
respectively,  indicate  that  the  effectiveness  of  the  joint 
in  reducing  corner  deflection  is  increased  as  the  dowel 
spacing  is  decreased.  The  joint  containing  the  dowel 
bars  with  a  36-inch  spacing  is  not  in  line  with  the  others 
in  respect  to  this  relation.  Why  this  should  be  is  not 
known,  although  the  fact  that  this  particular  trans- 
verse joint  was  installed  in  the  section  having  the 
lip-curb  cross  section  may  have  been  at  least  partly 
responsible.  The  two  halves  of  this  section  (longi- 
tudinally) were  different,  so  that  there  was  opportunity 
for  but  one-half  as  many  comparisons  as  on  the  other 
sections.  Also,  because  of  the  presence  of  the  lip  curb 
on  the  upper  surface,  certain  difficulties  in  duplicating 
loading  conditions  were  always  present  in  the  tests 
on  this  section. 

So  far  as  the  values  computed  from  the  deflection 
data  indicate,  dowel  spacing  within  the  limits  of  the 
tests  did  not  influence  the  effectiveness  of  the  doweled 
joints  in  reducing  the  deflection  of  the  loaded  edge. 
Neither  do  they  show  any  consistent  difference  attri- 
butable to  the  differences  in  the  width  of  the  joint 
opening  used  in  these  tests. 

The  tests  on  the  transverse  plane-of-weakness  or 
dummy  joints  were  made  in  November  when  the  slabs 
were  contracted  and  the  joints  were  opened  slightly. 
The  comparative  values  for  the  weakened-plane  joints 
containing  dowels  (particularly  those  computed  by 
the  first  method)  indicate  a  very  effective  construction 
so  far  as  ability  to  reduce  slab  deflection  is  concerned. 
The  joint  without  the  dowels  is  also  indicated  as  being 
quite  effective  by  these  values.  It  should  be  re- 
membered in  this  connection  that  the  slab  length  in 
which  the  joints  were  used  is  but  20  feet. 

It  is  indicated  further  by  the  values  in  table  6  that 
the  two  joints  containing  the  one-fourth  by  4-inch 
dowel  plates  are  effective  in  reducing  slab  deflection. 
When  used  with  a  joint  opening  of  one-half  inch  the 
effectiveness  of  a  dowel  plate  of  this  thickness  seems  to 
be  noticeably  greater  than  when  used  with  a  three- 
fourths-inch  joint  opening. 

Table  7  contains  similar  comparative  values  for  the 
longitudinal  joints  computed  by  both  methods  wherever 
possible.  One  is  struck  immediately  by  the  generally 
higher  order  of  values  in  this  table  when  compared  to 
those  given  in  the  preceding  table  for  the  transverse 
joints.  This  is  a  direct  reflection  of  the  better  struc- 
tural connection  obtained  in  the  longitudinal  joints 
where  little  or  no  change  in  joint  width  occurs  and  no 
provision  for  slab  expansion  was  necessary. 

It  will  be  noted  in  table  7  that  the  values  computed 
for  the  corners  of  the  longitudinal  joints  in  sections  9 
and  10  show  that  the  combined  deflections  at  the  joint 
are  less  than  the  deflection  at  the  corresponding  free 
corners.  This  relation  is  the  reverse  of  that  generally 
shown  in  table  6  for  the  transverse  joints. 

As  stated  earlier,  it  was  possible  to  make  compari- 
sons between  the  deflections  of  free  and  longitudinal 
joint  edges  of  slabs  only  for  sections  of  constant  thick- 
ness and  even  then  only  two  of  the  four  constant- 
thickness  sections  (sections  9  and  10)  were  suitable  for 
the  desired  comparison.  The  other  two  constant- 
thickness  sections  were  of  the  plane-of-weakness  type 
and  only  one  of  these  contained  bonded  steel  across 
the  joint.  It  is  believed,  however,  that  the  relations 
indicated  for  sections  9  and  10  will  probably  be  found 
in  any  constant-thickness  section  in  which  the  dummy- 
joint  construction  is  not  used  and  the  slab  edges  are 
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Figure  30. — Comparison  of  Deflections  of  Slab  Edges  at 
the  Free  Transverse  Joint  and  Interior  Joint  Corners 
for  the  Uniform-Thickness  Sections. 

held  in  contact  by  bonded  steel  members  across  the 
joint.  That  such  a  design  permits  the  development  of 
a  resisting  moment  during  deflection  has  already  been 
pointed  out.  The  effect  of  this  moment  is  to  stiffen 
the  joint  against  deflection  under  load  and  this  would 
produce  the  relation  indicated  by  the  values  in  table  7. 
The  magnitude  of  the  moment  that  it  is  possible  to 
develop  will  depend  upon  the  effective  depth  of  the 
slab  at  the  joint,  the  amount  and  position  of  the  steel 
capable  of  taking  tension,  any  opening  of  the  joint, 
and  other  factors. 

Table  7  shows  that  the  sum  of  the  deflections  at  the 
longitudinal  joint  exceeds  that  at  a  corresponding  point 
at  the  free  edge  in  the  two  plane-of-weakness  joints. 
For  the  other  two  sections  of  constant  thickness  (sec- 
tions 9  and  10),  the  sum  of  the  deflections  at  the  joint 
is  less  than  that  at  the  free  edge  because  of  the  effect 
of  resisting  moments  due  to  the  design  of  the  joints. 
This  has  been  discussed  earlier  in  this  report.  The 
effect  of  the  deep  groove  in  the  plane-of-weakness  joint 
is  apparent  if  the  data  for  section  6  are  compared  with 
those  for  section  10. 

Figure  30  shows  a  comparison  of  the  deflections  of 
the  different  corners  of  the  four  constant-thickness  sec- 
tions under  a  given  load.  The  greatest  deflection 
occurs  at  a  completely  free  or  unattached  corner. 
Some  reduction  in  deflection  is  brought  about  when  the 
corner  is  attached  on  one  side  by  a  transverse  joint. 
A  still  greater  reduction  is  effected  when  the  corner  is 
supported  along  the  other  side  by  a  longitudinal  joint 
capable  of  transferring  load.  The  joints  and  combina- 
tions of  joints  are  different  in  each  of  the  four  sections. 
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THE  STRUCTURAL  DESIGN  OF  CONCRETE 

PAVEMENTS 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests,  and  EARL  C.  SUTHERLAND,  Associate  Highway  Engineer 

PART  4.— A  STUDY  OF  THE  STRUCTURAL  ACTION  OF  SEVERAL  TYPES  OF  TRANSVERSE  AND 

LONGITUDINAL  JOINT  DESIGNS— Concluded  > 


THE  SIGNIFICANCE  of  deflection  data  in  connec- 
tion with  tests  of  the  structural  action  of  joints  is 
a  matter  about  which  there  seems  to  be  a  difference 
of  opinion.  A  brief  dis- 
cussion of  it  at  this  point 
is  pertinent. 

The  successive  changes 
in  curvature  of  the  deflec- 
tion (or  elastic)  curve  of 
the  slab  are  values  of  slope 
which,  if  determined  with 
sufficient  frequency  and 
precision,  may  be  used  to 
form  a  slope  curve.  The 
changes  in  curvature  of 
this  slope  curve,  in  turn, 
if  determined  with  suffi- 
cient precision,  give  values 
of  moment,  a  direct  meas- 
ure of  stress.  However, 
the  determination  of  sec- 
ond differences,  if  these 
differences  are  to  be  signif- 
icant, must  be  based  upon 
a  precise  knowledge  of  the 
shape  of  the  basic  curve 
and  accurate  methods  of 
determination  of  the 
changes  in  curvature. 

It  has  not  been  found 
possible  in  this  investiga- 
tion to  measure  slab  cur- 
vature with  sufficient  pre- 
cision to  permit  the  use  of 
the  deflection  data  as  a 
basis  for  estimating  abso- 
lute or  even  relative 
stresses  at  critical  points. 
A  comparison  of  the  rela- 
tive deflections  and  of 
the  relative  stresses  in 
the  vicinity  of  a  load  ap- 
plied on  one  edge  of  two 
typical  doweled  joints  will 
be  shown  later  in  this 
report  and  the  data  pre- 
sented illustrate  the  point 
which  has  just  been  made. 
It  is  felt  that  the  deflec- 
tion data  have  definite 
value  for  certain  purposes 
and  complete  deflection 
data  were  obtained  in 
practically  all  of  the  tests. 

Main  reliance  has  been  placed  upon  the  strain  data, 
however,  for  comparisons  that  would  show  the  relative 
structural  efficiency  of  the  various  joints. 

1  Because  of  its  length,  Part  4  is  presented  in  two  issues  of  Public  Roads.    The 
first  installment  appeared  in  the  September  1936  issue. 
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Before  presenting  the  results  of  the  strain  measure- 
ments made  in  connection  with  the  joint  tests,  it  is 
desired  to  call  attention  to  two  conditions  that  affect 

directly    the    precision    of 


JOINTS  are  needed  in  concrete  pavements  for  the  one 
purpose  of  reducing  as  much  as  possible  the  stresses 
resulting  from  causes  other  than  applied  loads  in 
order  that  the  natural  stress  resistance  of  the  pave- 
ment may  be  conserved  to  the  greatest  possible  extent 
for  carrying  the  loads  of  traffic. 

A  joint  is  potentially  a  point  of  structural  weakness 
and  may  limit  the  load-carrying  capacity  of  the  entire 
pavement. 

Joints  are  classified  by  function  as: 

1.  Those  designed  to  provide  space  in  which 
unrestrained  expansion  can  occur. 

2.  Those  designed  for  the  relief  or  control  of 
the  direct  tensile  stresses  caused  by  re- 
strained contraction. 

3.  Those  designed  to  permit  warping  to  occur, 
thus  reducing  restraint  and  controlling  the 
magnitude  of  the  bending  stresses  devel- 
oped by  restrained  warping. 

Expansion  joints  should  be  provided  at  no  greater 
intervals  than  about  100  feet  in  order  to  keep  the  joint 
openings  from  becoming  excessive. 

The  spacing  of  contraction  joints  will  be  determined 
by  the  permissible  unit  stress  in  the  concrete.  If  this 
is  restricted  to  a  low  value,  which  is  desirable,  con- 
traction joints  should  be  provided  at  intervals  of  about 
30  feet. 

It  is  indicated  that  joints  to  control  warping  should 
be  spaced  at  intervals  of  about  10  feet. 

A  free  edge  is  a  structural  weak  spot  in  a  slab  of 
uniform  thicknesses,  and  it  is  necessary  to  strengthen 
the  joint  edges  by  thickening  the  slab  at  this  point  or 
by  the  introduction  of  some  mechanism  for  trans- 
ferring part  of  the  applied  load  across  the  joint  to  the 
adjacent  slab. 

The  doweled  transverse  joints  investigated  were 
quite  effective  in  relieving  stresses  caused  by  expan- 
sion, contraction,  and  warping,  but  they  were  not 
particularly  effective  in  controlling  load  stresses  near 
the  joint  edge. 

The  dowel-plate  joint  tested  had  merit  as  a  means 
for  load  transfer,  though  it  offered  more  resistance  to 
expansion  and  contraction  than  is  desirable. 

Aggregate  interlock  as  it  occurs  in  weakened-plane 
joints  cannot  be  depended  upon  to  control  load  stresses. 
Even  when  joints  of  this  type  are  held  closely  by 
bonded  steel  bars  there  is  wide  variation  in  the  critical 
stress  value  caused  by  a  given  load;  therefore,  it 
appears  necessary  to  provide  independent  means  for 
load  transfer  in  plane-of-weakness  joints. 

Tongue-and-groove  joints  held  together  by  bonded 
steel  bars  were  found  to  be  the  most  efficient  struc- 
turally of  any  of  the  joints  studied.  However,  modi- 
fications of  the  designs  might  improve  their  action. 


the  efficiency  values 
which  appear  later  in  this 
discussion.  In  the  first 
place,  it  should  be  re- 
membered that  the  tests 
were  made  on  specimens 
that  were  built  and  tested 
under  field  conditions. 
( Certain  unexpected  vari- 
ations in  the  deflection 
and  strain  data  have  con- 
sistently appeared  when 
certain  sections  or  certain 
panels  of  a  given  section 
were  tested.  These  indi- 
cate that  variations  in 
the  strength  of  the  speci- 
men or  in  the  condition 
of  support  are  present  in 
spite  of  all  the  precautions 
taken  to  guard  against 
them. 

In  the  second  place,  the 
criterion  that  has  been  set 
up  as  a  measure  of  joint 
efficiency  on  the  basis  of 
the  stress  data,  while 
sound  in  principle,  has 
one  practical  weakness 
that  should  be  recognized. 
Although  the  critical 
stress  values  as  deter- 
mined from  the  strain 
measurements  are  of  ap- 
preciable magnitude, 
being  generally  of  the 
order  of  250  to  350  pounds 
per  square  inch,  when 
these  values  are  used  in 
the  application  of  the  effi- 
ciency formula  the  signifi- 
cant ratio  is  developed 
from  differences  in  stress 
values,  both  in  the  nu- 
merator and  in  the 
denominator  of  the  ex- 
pression. The  differences 
naturally  are  of  much  less 
magnitude  that  the  stress 
values  themselves  and  the 
result  is  that  the  ratio  of  differences  is  very  sensitive 
to  small  changes  in  the  stress  values  from  which  the 
differences  were  obtained.  Thus  variations  in  stress 
determination  that  are  quite  unimportant,  insofar 
as     the     total     value     of     the     stress    is    concerned, 
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6-INCH   UNIFORM    SECTION 
3/4-INCH    OPEN    JOINT- 3/4-INCH    DIAM    DOWELS    18  INS  C-C. 


LOAD    BETWEEN    DOWELS 
5,000  POUNDS 
-LONGITUDINAL   JOINT  1  TREE    EDGE-- 


LOAD    OVER   ONE    DOWEL 
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O-ADJACENT    JOINT    EDGE  A-LOADED     JOINT    EDGE 

x-FREE   EDGE 

Figure  31. — Deflection  and  Stress  Variation  Curves  at 
the  Free  and  Joint  Edges  of  a  Typical  Transverse 
Dowel  Joint.  Stress  Values  Above  the  Axis  Indicate 
Tension,  and  Stress  Values  Below  the  Axis  Indu  \  i  e 
Compression  in  the  Upper  Surface  of  the  Slab. 

may  be  sufficient  to  cause  appreciable  variations  in  the 
ratio  by  which  the  structural  efficiency  is  measured. 

The  stress  values  used  in  computing  the  efficiency 
values  to  be  presented  later  were  based  on  averages 
from  tests  made  at  not  less  than  eight  comparable 
points  in  order  to  minimize  the  effect  of  individual 
variations  in  the  strain  data  and  are  believed  to  be 
quite  well  established.  Still,  a  realization  of  the  man- 
ner in  which  these  values  were  derived  will  show  the 
necessity  for  care  in  the  use  of  individual  figures,  and 
will  indicate  the  reasons  for  certain  apparent  incon- 
sistencies in  the  test  data. 

The  tests  to  determine  the  effectiveness  of  the  va- 
rious joints  in  relieving  slab  stress  were  divided  into 


four  general   groups  for  convenience  in  presentation, 
as  follows: 

1.  Tests  to  show  the  character  of  the  stress  and 
deflection  variations  parallel  to  the  joint. 

2.  Tests  to  determine  the  effect  of  the  transverse  ! 
joint  design  on  the  critical  stresses  caused  by  a  load 
acting  near  a  transverse  joint,  but  at  a  distance  from 
a  corner. 

3.  Tests  to  determine  the  effect  of  the  longitudinal 
joint  design  on  the  critical  stresses  caused  by  a  load 
acting  near  a  longitudinal  joint  but  at  a  distance  from 
a  corner. 

4.  Tests  to  determine  the  effect  of  the  different  joint 
designs,  both  transverse  and  longitudinal,  on  the 
critical  stresses  developed  by  a  load  acting  on  a  slab 
corner. 

Mention  has  already  been  made  of  the  fact  that, 
with  a  load  acting  at  the  edge  of  a  pavement  slab, 
it  has  been  determined  that  the  highest  stress  will  be 
found  directly  under  the  load  in  a  direction  parallel 
to  the  edge  of  the  slab.  In  making  the  stress  measure- 
ments for  loads  applied  at  joint  edges,  the  stress  just 
mentioned  is  the  critical  stress,  all  others  being  of  less 
significance.  This  critical  stress  was  determined  for 
each  test  at  a  joint  edge  and  in  addition  the  stress- 
variation  curves  were  determined  through  the  load 
position  in  a  direction  perpendicular  to  the  joint  and  for 
some  distance  back  on  each  slab. 

REDUCTION  IN  DEFLECTION  EXCEEDED  REDUCTION  IN  STRESS 

While  the  stress  variation  along  the  edge  of  the  slab 
is  of  interest  for  the  comparisons  to  be  made,  it  was 
not  considered  sufficiently  important  to  justify  the 
amount  of  work  that  would  be  involved  if  these  data 
were  to  be  obtained  for  every  joint.  Stress-variation 
data  along  the  edge  were  obtained  only  for  one  trans- 
verse joint  with  the  18-inch  dowel  spacing  (section  10) 
and  for  the  longitudinal  joint  with  the  24-inch  dowel 
spacing  (section  9).  For  these  two  joints  data  were 
obtained  for  a  load  applied  midway  between  dowels, 
directly  over  a  dowel,  and  at  a  free  end.  The  varia- 
tions in  stress  on  both  the  loaded  panel  and  adjacent 
panel  were  determined  in  each  case. 

The  deflection  variation  and  stress  variation  along 
the  free  edge  and  the  two  edges  of  the  transverse  joint 
hi  section  10  are  shown  in  figure  31,  while  similar  data 
for  the  longitudinal  joint  in  section  9  are  shown  in 
figure  32.  The  method  of  grouping  makes  it  possible 
more  easily  to  make  comparisons  between  the  influence 
of  the  design  on  deflection  and  that  on  stresses,  com- 
parisons that  are  of  particular  interest  because  they 
show  why  strain  measurements  furnish  a  better  basis 
than  deflection  measurements  for  judging  the  ability 
of  joints  to  perform  their  intended  function  of  stress 
reduction. 

If  the  relations  between  free-edge  deflection  and 
loaded  joint-edge  deflection  are  compared  and  if  a 
similar  comparison  is  made  between  free-edge  stress 
and  that  developed  at  the  loaded  joint  edge,  for  each 
of  the  two  joints,  it  will  be  found  that  reductions  in 
deflection  and  reductions  in  critical  stress  are  as 
shown  in  table  8. 

From  these  values  it  is  apparent  that  the  reduction 
in  load  deflection  that  is  obtained  with  either  of  these 
joint  designs  is  not  a  measure  of  the  reduction  to  be 
expected  in  corresponding  critical  stress  values. 

If  a  similar  study  is  made  of  the  relative  deflections 
and  the  relative  stresses  on  the  two  sides  of  the  joint 
when  a  load  is  applied  on  one  of  the  sides,  and  ratios 
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Figure  32. — Deflection  and  Stress  Variation  Curves  at  the  Free  and  Joint  Edges  of  a  Typical  Longitudinal  Dowei 
Joint.  Stress  Values  Above  the  Axis  Indicate  Tension,  and  Stress  Values  Below  the  Axis  Indicate  Compression 
in  the  Upper  Surface  of  the  Slab. 


are  calculated  which  express  tbe  maximum  deflection, 
or  stress,  in  the  adjacent  edge  as  a  percentage  of  that 
found  in  the  edge  on  which  the  load  was  applied,  the 
ratios  will  have  the  values  shown  in  table  9. 

Again  it  is  evident  that  the  deflection  relations  are 
not  a  usable  measure  of  the  stress  conditions  that 
accompany  them.  The  point  is  well  illustrated  in  the 
case  of  the  longitudinal  joint  with  the  load  applied 
directly  over  a  dowel.     The  deflection  curves  of  the 


two  slab  edges  are  closely  comparable,  as  nearly  as 
can  be  judged  by  visual  examination  (see  fig.  32), 
and  the  maximum  deflection  of  each  is  identical.  Yet 
the  maximum  stress  in  the  loaded  edge  is  more  than 
twice  that  of  tbe  adjacent  edge.  Tliis  is  direct  evidence 
of  the  presence  of  changes  hi  curvature  that  are  not 
apparent  in  the  deflection  data  and  for  which  there  is 
no  dependable  measure  except  strain  data.  Since  the 
reduction  of  the  critical  edge  stress  is  one  of  the  chief 


17s 


PUBLIC  ROADS 


Vol.  17,  No.  8 


functions  of  the  joint,  this  is  a  very  important  fact  and 
it  has  a  direct  bearing  on  methods  of  testing  joints  for 
structural  efficiency.  It  emphasizes  the  impossibility 
of  forming  sound  judgments  regarding  the  effect  of 
joint  designs  on  stress  from  deflection  data  alone. 
The  reasons  for  this  apparent  anomaly  have  already 
been  discussed. 

Table  8. — Comparison  of  deflection  reductions  and  stress  reductions 


Load  midway  between  dowels: 

Reduction  in  maximum  deflection 
Reduction  in  maximum  stress 

Load  directly  over  a  dowel: 

Reduction  in  maximum  deflection 
Reduction  in  maximum  stress 


Trans- 

Longi- 

tudinal 

joint 

joint 

(see!  ion 

(section 

10) 

9) 

Percent 

Percent 

49 

60 

12 

23 

40 

65 

22 

33 

Table  9. — Comparison  of  deflection  ratios  and  stress  ratios 
between  the  loaded  and  adjacent  joint  edges 


Trans- 
verse 
joint 

(section 
10) 

Longi- 
tudinal 

joint 

(section 

9) 

Load  midway  between  dowels: 

Ratio  of  deflections  (adjacent  vs.  loaded  edge) 

0.  58 

.  14 

.58 
.16 

0.82 
.23 

Load  directly  over  a  dowel: 

1.00 

.45 

EFFICIENCIES  OF  VARIOUS    TRANSVERSE   JOINTS   COMPARED   FOR 
LOADS  NEAR  JOINT  EDGES 

There  are  other  interesting  points  brought  out  in 
figures  31  and  32.  The  concentration  of  the  critical 
stress  along  these  joints  is  very  clearly  shown  by  the 
stress-variation  curves.  It  will  be  noted  that  for  these 
spacings  practically  all  edge  stress  of  any  magnitude 
occurs  within  a  distance  of  two  dowel  spacings  in  the 
case  of  a  load  applied  over  a  dowel  and  within  three 
dowel  spacings  for  a  load  applied  between  dowels. 
The  distribution  of  the  deflection  is  much  greater. 

The  position  of  the  load  with  respect  to  the  dowel 
not  only  affects  the  distribution  of  the  stress  but  also 
the  magnitude  of  the  critical  stress,  the  highest  value 
being  observed  when  the  load  was  midway  between 
the  dowels,  in  each  of  the  joints  tested. 

In  comparing  the  data  in  figure  31  with  the  com- 
parable data  in  figure  32  the  greater  stiffness  of  the 
longitudinal  joint  is  evident  both  in  the  deflection  and 
the  stress  relations.  Because  of  the  presence  of  the 
bonded  bars  a  resisting  moment  is  developed  during 
the  deflection  of  the  longitudinal  joint  which  accounts 
for  the  fact  that  a  deflection  reduction  of  more  than 
50  percent  is  obtained.  The  data  indicate  that  the 
presence  of  this  resisting  moment  has  no  important 
effect  on  the  stresses  in  a  direction  parallel  to  the  joint 
edge  although  it  does  affect  the  stresses  in  a  direction 
perpendicular  to  the  joint  edge.  The  effect  of  the 
close  proximity  of  the  two  slab  edges  in  this  joint  is  to 
make  the  steel  bars  more  effective  as  shear  units  and 
this  causes  greater  stress  reduction,  particularly  when 
the  load  is  applied  over  a  dowel.  This  is  shown  by 
the  comparative  values  in  tables  8  and  9. 

Finally,  it  is  to  be  noted  that  for  joints  such  as  these, 
the  stresses  developed  parallel  to  the  joint  in  the 
edge  of  the  adjacent  slab  are  relatively  quite  low  in 
magnitude. 


The  data  which  have  just  been  presented  serve  two 
important  purposes;  first,  they  illustrate  the  necessity 
for  stress  determinations  in  a  study  of  joint  action; 
and  second,  they  give  a  general  picture  of  the  stress 
conditions  along  the  edge  of  the  slab  which  is  helpful 
in  connection  with  the  discussion  of  the  other  stress 
data  which  follow. 

Figure  33  shows  stress  values,  as  determined  from 
strain  measurements  in  the  vicinity  of  the  load  applied 
at  the  edge  of  a  slab,  either  at  a  transverse  joint 
(point  G)  or  at  a  free  edge  (point  I),  for  the  purpose  of 
studying  the  structural  efficiency  of  the  various  joints 
from  the  standpoint  of  their  ability  to  control  critical 
load  stresses.  The  method  of  placing  the  loads  and  of 
measuring  the  strains  was  previously  explained  in 
connection  with  figure  8.  The  curves  connecting  the 
circles  show  the  stress  variation  along  a  line  perpen- 
dicular to  the  joint  and  passing  through  the  center  of 
load  application.  The  single  values  shown  by  the 
crosses  indicate  the  maximum  values  of  the  stress  at 
the  edge  of  the  slab  in  a  direction  parallel  to  the  joint. 
These  stresses  reach  a  maximum  at  the  point  of  load 
application  in  those  cases  where  the  load  is  at  some 
distance  from  a  corner. 

In  figure  8  points  G  and  I  are  shown  on  the  longi- 
tudinal centerline  of  the  panel.  Tests  were  made  at 
these  points  and  at  many  other  points  along  the 
transverse  joint  or  free  edge  and  it  was  found  that 
the  edge  condition  shown  by  the  typical  data  in  figure 
33  applies  at  all  points  along  the  edge  except  within 
a  distance  of  approximately  3  feet  of  a  corner.  Within 
this  distance  there  is  a  gradual  transition  from  the 
edge  to  the  corner  condition.  For  the  corner  condition 
the  bending  stress  under  the  load  is  negligible  and  the 
critical  stress  is  found  to  be  a  tensile  stress  at  some 
distance  from  the  load  and  along  the  bisector  of  the 
corner  angle. 

The  data  in  figure  33  show  that  the  most  important 
stress  to  be  controlled  by  a  transverse  joint  for  a  loading 
such  as  that  at  point  G  is  that  occurring  directly  under 
the  load  and  in  a  direction  parallel  to  the  slab  edge. 
Using  the  method  of  calculating  structural  efficiency 
from  stress  values  that  was  described  earlier  in  this 
report,  the  average  values  for  each  of  the  joints  were 
determined.  These  values  as  given  in  table  10  are  not 
based  on  the  data  shown  in  figure  33  together  with 
the  corresponding  data  for  the  center  of  the  slab,  but 
upon  similar  and  much  more  extensive  tests  in  which 
only  the  strains  occurring  directly  under  the  load  were 
measured. 

Table  10. — Efficiencies  of  the  various  transverse  joints  for  control- 
ling the  stresses  caused  by  loads  placed  near  the  joint  edges 


Type  of  joint 

Spac- 
ing oi 
dow- 
els 

Joint 
open- 
ing 

Joint  efficiency 

Test 
sec- 
tion 
no. 

Winter 

Sum- 
mer 

Aver- 
age 
(vari- 
ous sea- 
sons) 

Over 

dowels 

Be- 
tween 
dowels 

1 

Thickened  end___ 

Inches 
None 
36 
27 
27 
18 
18 
18 
None 

Inches 
H 
H 

k 
k 

% 
y% 

3A 

Percent 

Percent 

Percent 
57 

Percent 

Percent 

8 

46 
31 
16 
28 
40 

8 

C 

do 

6 

9 

do— 

20 

7 

do- 

8 

10 

do— 

28 

4 

Plane  of  weakness. 
do 

71 
4 

66 
41 

3 

2 

59 
66 

do 

The  joint  in  section  1  differs  from  the  others  in  that 
there  is  no  connection  between  the  two  ends  of  the 
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Figure  33.- — Comparison  of  Load  Stresses  Measured  at  the  Free  Edges  and  at  the  Transverse  Joint  Edges  of  Each 
of  the  Sections.  Values  Above  the  Axis  Indicate  Tension,  and  Values  Below  the  Axis  Indicate  Compression  in 
the  Upper  Surface  of  the  Slab. 


slabs  that  form  the  joint,  the  edges  being  strengthened 
by  edge  thickening.  To  make  these  edges  as  strong  as 
the  center  area  it  is  necessary  to  design  the  transverse 
joint  edges  according  to  the  principles  that  were  de- 
scribed in  part  3  of  this  series  of  papers. 

As  indicated  in  table  10  the  doweled  joints  were 
tested  at  points  both  directly  over  and  midway  be- 
tween dowels.  The  efficiencies  of  these  joints  are  gen- 
erally low  at  all  points,  but  for  loads  applied  over  a 


dowel  the  efficiency  is  often  much  higher  than  for  loads 
applied  midway  between  dowels. 

EFFICIENCIES  OF  VARIOUS  LONGITUDINAL  JOINTS  COMPARED  FOR 
LOADS  NEAR  JOINT  EDGES 

The  dowel  spacing  was  varied  in  the  different  sections 
for  the  purpose  of  bringing  out  the  effect  of  dowel 
spacing  on  structural  efficiency.  It  has  been  learned 
during  the  testing  of  the  sections  that  for  edge  tests  the 
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deflections  are  so  small  that  the  stiffness  of  the  two  slab 
ends,  as  determined  by  slab  thickness,  and  the  stiffness 
of  the  structural  connection  as  determined  by  the  width 
of  the  joint  opening  and  by  the  spacing  of  the  units  in 
the  case  of  the  doweled  joints,  are  two  very  important 
factors  which  affect  the  structural  action  of  the  joint. 
To  study  the  matter  of  dowel  spacing  properly,  the  slabs 
should  be  of  the  same  thickness  and  the  joint  openings 
should  be  the  same  throughout,  leaving  the  single 
variable  of  dowel  spacing.  Tins  does  not  mean  that  the 
data  obtained  are  of  no  value  but  it  does  explain  the 
apparently  inconsistent  relations  which  appear  when 
the  data  are  examined  from  the  standpoint  of  dowel 
spacing  alone. 

The  effect  of  the  spacing  of  the  dowels  is  largely 
eliminated  in  the  data  for  loads  applied  directly  over  a 
dowel.  The  low  efficiency  for  this  loading  indicates  the 
inadequacy  of  a  %-inch  dowel  installed  in  this  manner 
for  transmitting  load  across  joint  openings  such  as  were 
used  in  this  investigation.  The  efficiencies  are  some- 
what higher  for  the  }j-ineh  opening  than  for  the  %-inch 
opening  although  the  variation  in  slab  stiffness  compli- 
cates the  data.  Some  looseness  of  the  dowels  may  have 
been  present  and  deflection  of  the  dowels  certainly 
occurred,  both  of  which  would  lower  the  efficiency  of  the 
joint  and  to  the  greatest  degree  in  thick  slabs.  The 
matter  of  dowel  spacing  will  be  discussed  on  a  theoreti- 
cal basis  later  in  this  report. 

The  data  in  table  10  show  a  great  difference  in  the 
efficiency  of  the  weakened-plane  joint,  without  dowels, 
in  winter  as  compared  with  summer.  The  very  low 
efficiency  of  this  joint  during  the  cold  season  results 
from  opening  of  the  joint  as  the  pavement  contracts. 
It  would  appear  that  aggregate  interlock  cannot  be 
depended  upon  to  transfer  load  effectively  when  the 
pavement  is  in  a  contracted  condition  even  on  relatively 
short  slabssuch  as  these.  Forlonger  slabs  the  reduction 
might  be  still  greater,  while  for  shorter  slabs  it  might  be 
expected  to  be  less. 

The  efficiency  of  the  weakened-plane  joint  with  %-inch 
dowel  bars  at  intervals  of  18  inches  was  found  to  be  high 
at  all  seasons  of  the  year. 

With  the  dowel  plates,  joint  openings  of  one-half 
inch  and  three-fourths  inch  were  used  to  determine  the 
effect  of  this  variable.  It  will  be  noted  that  the  joint 
with  the  wider  opening  shows  a  slightly  higher  effi- 
ciency, contrary  to  what  might  he  expected.  The 
plate  in  this  case  was  called  upon  to  deflect  a  6-inch 
slab  across  a  %-inch  opening,  while  in  the  other  case  a 
plate  of  the  same  size  had  to  deflect  a  7-inch  slab 
across  a  %-inch  opening.  The  effect  of  the  difference 
in  joint  opening  is  thus  obscured  by  the  complicating 
variable  of  slab  thickness.  Both  joints  appear  to  be 
quite  efficient  in  slab  edges  of  this  general  thickness. 

Figure  34  shows  typical  stress  data  corresponding  to 
those_  shown  in  figure  33  but  obtained  in  tests  at  lon- 
gitudinal joints,  the  loads  being  applied  at  points 
A  and  B.  As  stated  previously,  the  stress  conditions 
shown  were  found  to  apply  at  all  points  along  the  joint 
except  within  approximately  3  feet  of  a  slab  corner. 
The  data  in  tins  figure  indicate  again  that  the  critical 
stress  for  a  load  acting  near  a  joint  is  found  directly 
under  the  load  and  in  a  direction  parallel  to  the 
slab  edge. 

The  stress  data  in  tliis  figure  are  shown  for  both  the 
constant- thickness  and  the  thickened-edge  slab.  Since 
the  stresses  for  loads  applied  at  point  A  are  affected 
by  the  slab  thickness  at  this  point,  direct  comparison 


of  the  stresses  at  points  A  and  B  does  not  give  a  true 
indication  of  joint  efficiency  for  the  thickened-edge  slab. 
Table  11  contains  efficiency  values  for  the  longitudinal 
joints  calculated  in  the  same  manner  as  those  in  table 
10  for  transverse  joints.  The  stress  values  used  in 
these  computations  were  average  values  obtained  in 
tests  at  a  great  many  points.  The  loads  were  placed 
arbitrarily  at  points  over  and  at  various  points  between 
dowels  in  order  that  the  final  averages  might  be  repre- 
sentative of  average  conditions  along  a  joint  of  the 
particular  type  being  tested.  The  difficulty  mentioned 
in  connection  with  thickened-edge  slabs  was  overcome 
in  the  following  manner.  An  average  empirical  rela- 
tion was  established  between  the  interior  and  edge 
stresses  on  the  constant-thickness  slabs.  This  relation 
was  applied  to  the  interior  stress  of  the  thickened-edge 
slabs  to  determine  what  the  edge  stress  would  have 
been  had  the  free  edge  been  of  the  same  thickness  as 
the  longitudinal  joint  edge,  and  this  calculated  value 
for  free-edge  stress  was  used  in  the  efficiency  formula. 

Table  11. — Efficiencies  of  the  various  longitudinal  joints  for  con- 
trolling the  stresses  caused  by  loads  placed  near  the  joint  edges 


Test 

section 

no. 

Type  of  joint 

Type  of  tongue 

Spac- 
ing of 
dowels  ' 

Joint 
effi- 
ciency 

:s 

Tonsuic _ 

do'.... 

do 

do _ 

Inches 
60 
60 
60 

None 
24 
36 
48 
60 
60 

None 

Percent 

78 

Triangular. 

75 

10 
4 

Corrugated 

72 
50 

9 

Butt.. 

52 

8 

..      do  . 

42 

2 

..do.. 

51 

1 

..do 

47 

6 

Plane  of  weakness 

44 

7 

do.   ..        ..     ._ 

39 

1  All  dowels  across  longitudinal  joints  were  fully  bonded. 

EFFECT  OF  DOWEL  SPACING  ON  JOINT  EFFICIENCY  DISCUSSED 

All  of  the  tongue-and-groove  joints  that  are  held 
closed  by  the  bonded  bars  appear  to  have  relatively 
lrigh  efficiencies.  The  tongue-and-groove  joint  in  sec- 
tion 4  has  no  dowel  bars  to  hold  it  together.  It  was 
tested  in  a  slightly  open  condition  and  it  will  be  noted 
that,  although  it  has  a  substantial  tongue  that  is  roughly 
rectangular  in  shape,  a  marked  reduction  in  efficiency 
occurs  when  the  bonded  steel  is  omitted.  It  appears 
from  this  table  that  the  shape  of  the  tongue  is  of  little 
importance  in  controlling  load  stresses  so  long  as  the 
joint  edges  arc  held  together  with  bonded  steel.  The 
highest  efficiency  value  found  was  with  the  joint  con- 
taining the  rectangular  tongue  and  groove,  however. 

In  the  four  butt-type  longitudinal  joints,  the  slab 
tliickness  at  the  joint  edge  was  7  inches  in  each  case, 
each  joint  was  separated  by  tarred  felt,  and  %-inch 
dowels  were  used  throughout.  The  dowels  were  de- 
formed bars  in  bond  but  their  function  was  to  transfer 
load  through  shear.  In  all,  59  load  tests  were  made  on 
these  four  joints  at  various  times  and  the  loads  were 
applied  at  various  distances  from  a  dowel  bar. 

From  the  strain  data  efficiency  values  were  calculated 
for  each  of  these  tests.  These  efficiency  values  were 
grouped  according  to  the  distance  between  the  center 
of  the  load  and  the  nearest  dowel  and  each  group  was 
averaged,  from  4  to  16  values  constituting  a  group. 
These  average  group  values  are  shown  in  figure  35 
plotted  against  the  space  between  the  load  and  the 
dowel  and  a  curve  has  been  drawn  through  the  values. 
There  is  considerable  dispersion  among  the  values  and 
the  curve  as  drawm  may  not  be  correct  as  to  shape.     In 
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Figure  34. — Comparison  of  Load  Stresses  Measured  at  the  Free  Edges  and  at  the  Longitudinal  Joint  Edges  of  Each 
of  the  Sections.  Values  Above  the  Axis  Indicate  Tension,  and  Values  Below  the  Axis  Indicate  Compression  in 
the  Upper  Surface  of  the  Slab. 


spite  of  these  deficiencies,  it  is  believed  that  these  data 
show  a  useful  indication  of  the  effect  of  dowel  spacing 
on  structural  efficiency  for  a  joint  of  such  construction 
that  little  or  no  deflection  of  the  load-transfer  units 
can  occur. 

A  comparison  of  the  relative  efficiency  of  the  closed, 
longitudinal,  butt  joints  with  the  open,  transverse, 
expansion  joints  having  the  same  dowel  spacing  shows 
that  the  efficiency  of  a  given  longitudinal  joint  is  much 


higher  than  that  of  the  corresponding  transverse  joint, 
particularly  for  loads  applied  between  dowels.  It  is 
obvious  that  the  conditions  for  load  transfer  through 
the  dowels  in  these  longitudinal  joints  are  much  more 
favorable  than  they  are  in  any  of  the  doweled  transverse 
joints. 

Neither  the  butt-type  longitudinal  joints  as  a  group 
nor  the  weakened-plane  longitudinal  joints  were  found 
to    have   efficiencies   comparable    to    the    tongue-and- 
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Figure  35. — Variation  in  Joint  Efficiency  With  Distance 
Between  Load  and  Nearest  Dowel  (From  Tests  of  Lon- 
gitudinal Butt  Joints,  Sections  1,  2,  S,  and  9). 

groove  joints  in  controlling  the  stresses  that  occur 
directly  under  a  load.  It  is  perhaps  surprising  that 
the  weakened-plane  joint  that  is  held  closed  by  bonded 
steel  bars  (section  6)  should  show  such  low  efficiency. 
It  was  found  in  testing  these  joints  that,  for  loads  at 
certain  positions,  the  indicated  joint  efficiency  was  very 
high,  while  at  other  load  positions  the  efficiency  was 
practically  zero.  It  was  frequently  noted  that  at  a 
certain  point  this  joint  would  be  efficient  when  the  load 
was  placed  on  one  side  of  the  joint  and  inefficient  when 
the  load  was  placed  directly  opposite  on  the  other  side 
of  the  joint. 

The  load  stresses  that  occur  directly  under  a  load  are 
of  a  critical  magnitude  only  over  a  small  area  and  if  the 
stresses  are  to  be  controlled  by  the  action  of  the  joint 
it  is  necessary  that  the  joint  be  effective  in  transferring 
load  in  the  immediate  vicinity  of  the  load.  If  the 
functioning  of  such  a  joint  is  dependent  upon  the 
interlocking  of  the  broken  edges,  then  the  efficiency 
will  depend  upon  the  tightness  of  the  contact  and  upon 
the  peculiar  form  of  the  fractured  face  directly  under 
the  load.  If  these  are  favorable  the  efficiency  may  be 
quite  high;  if  they  are  not  then  the  joint  will  not 
reduce  the  critical  stresses.  It  will  be  recalled  in  this 
connection  that  the  bars  in  the  longitudinal  joint  were 
60  inches  apart.  In  the  transverse  joint  of  the  same 
type  in  which  %-inch  dowels  at  18-inch  intervals  were 
used,  the  indicated  efficiency  was  high  under  all 
conditions. 

EFFECT   OF   JOINT   DESIGN    ON    CONTROL    OF   CORNER     STRESSES 

STUDIED 

The  discussion  of  the  stress  data  has  thus  far  been 
confined  to  the  effectiveness  of  the  different  joint 
designs  in  controlling  or  reducing  the  critical  stresses 
that  occur  when  a  load  is  applied  at  a  joint  edge  but 
at  a  distance  of  3  feet  or  more  from  any  corner.  With 
certain  slab  designs,  as,  for  example,  those  of  constant 
thickness,  a  critical  stress  may  also  be  developed  when 
a  heavy  load  is  applied  at  an  unsupported  corner.  In 
this  case  the  critical  tensile  stress  is  no  longer  found 
directly  under  the  load  but  appears  along  the  bisector 
of  the  corner  angle  in  the  upper  surface  of  the  slab  and 
at  some  distance  from  the  center  of  load  application. 
The  stress-reducing  function  of  a  joint  design  should 
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Figure  36. — Comparison  of  the  Critical  Load  Stresses 
Measured  at  the  Free  and  Transverse  Joint  Corners. 
Values  Indicate  Tension  in  Upper  Surface  of  Slab. 

extend  to  the  relief  of  these  corner  stresses.  Since 
under  a  given  load  the  slab  corner  tends  to  deflect 
more  than  the  edge,  joints  that  are  effective  for  the 
edge  condition  are  quite  likely  to  be  effective  near  the 
slab  corner  also,  but  a  joint  that  is  quite  effective  in 
the  corner  region  may  be  considerably  less  effective 
when  the  load  is  applied  at  an  edge  but  away  from  a 
corner. 

Figure  36  shows  stress  data  obtained  from  the  load 
tests  that  were  made  for  the  purpose  of  determining 
the  efficiency  of  the  various  transverse  joints  in  con- 
trolling the  critical  corner  stresses.  Figure  37  shows 
similar  data  obtained  in  the  same  way  in  tests  at  the 
four  longitudinal  joints  that  were  used  in  the  constant- 
thickness  sections.  The  reason  that  data  are  not  given 
for  the  other  sections  has  already  been  discussed. 

The  stress  values  shown  in  these  two  figures  are  the 
averages  obtained  from  tests  at  four  corners  in  each 
section.  From  them  stress-reduction  values  were  cal- 
culated for  each  of  the  joints  tested  and  these  are  given 
in  table  12.  It  should  be  kept  in  mind  that  the  stress- 
reduction  values  shown  in  the  table  are  not  a  measure 
of  the  general  structural  efficiency  of  the  different  joints 
but  only  an  indication  of  the  relative  ability  of  the 
joints  to  control  the  critical  stresses  caused  by  a  load 
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acting  at  a  slab  corner.  The  values  are  simply  the 
percentage  of  reduction  of  the  free-corner  stress  ob- 
tainedjthrough  the  use  of  the  various  joint  constructions. 
It  will  be  noted  that  there  are  no  values  in  this  table 
for  sections  1  and  8.  In  section  1  the  free  and  joint 
ends  of  the  slab  are  of  identical  construction  and  the 
stresses  in  the  free  and  test  joint  corners  should  be  of 
the  same  magnitude  for  a  given  load.  Section  8  has  a 
lip-curb  design  and  because,  of  the  difficulties  in  testing 
caused  by  the  shape  of  the  cross  section  and  the  fact 
that  the  number  of  corners  available  for  comparisons 
are  very  limited,  comparisons  were  not  made. 

Table   12. — Reduction   in  corner  stress  caused  by  transverse  and 
longitudinal  joint  actum 

TEANSVERSE  JOINTS 


Test 

Type  of  joint 

Spac- 
ing of 
dowels 

Joint 
open- 
ing 

Stress 

Reduc- 

liou 
no. 

At  free 
corner 

At  joint 
corner 

Differ- 
ence 

tion  in 
cornel 

stress 

! 

Thickened  end 

Dowel 

Inches 

None 

30 

27 
18 
18 
18 
None 

Inches 
Vz 
H 

i.. 
% 

Lbs.  per 
sq.  in. 

Lbs.  in  i 
sq.  in. 

Lbs.  per 
SI],  in. 

Per. 

CI  nl 

8 

0 

y 

do ____ 

.-..do... 

247 
302 
295 
299 
280 
283 
370 
330 

154 

170 
108 
195 
172 
180 
203 
225 

93 

120 
127 
104 
108 
97 
107 
111 

38 

42 

7 

do 

43 

10 

4 
3 

do 

Plane  of  weakness 
do 

35 
39 

34 

Dowel  plate.... 

15 

. .  -  do 

33 

LONGITUDINAL  JOINTS 


10 
9 

Corrugated  tongue 

Butt 

00 

24 

00 

None 

298 

302 
247 

295 

150 
130 
134 
180 

148 
100 
113 
115 

50 
55 

0 

7 

Plane  of  weakness 

do... 

40 
39 

Theoretically  the  maximum  amount  of  load  which 
can  be  transferred  by  a  joint  design  can  never  quite 
equal  50  percent  of  that  applied  to  the  one  side  of  the 
joint  because  of  the  eccentricity  of  the  point  of  load 
application  with  respect  to  the  joint.  Under  ideal 
conditions  a  transfer  of  approximately  one  half  of  the 
load  to  the  adjoining  slab  should  result  in  a  correspond- 
ing reduction  of  approximately  50  percent  in  the  critical 
stress.  In  the  case  of  a  corner  this  should  apply  also 
and  as  a  matter  of  fact,  because  of  the  distributed  na- 
ture of  the  bending  that  accompanies  corner  deflection, 
in  practice  it  would  be  expected  to  apply  even  more  to 
corners  than  to  edges.  It  is  probable,  therefore,  that 
the  actual  efficiency  of  the  joints  in  reducing  the  critical 
stresses  at  corners  is  approximately  double  the  values 
listed  in  table  12. 

It  was  shown  previously  by  the  deflection  data  that 
it  is  not  possible  for  a  joint  to  have  an  indicated  effi- 
ciency of  100  percent  (based  upon  a  comparison  of 
deflections  at  the  free  and  joint  edges)  unless  the  slab 
is  in  perfect  contact  with  the  subgrade.  Since  the  slabs 
were  unwarped  when  the  corner  loadings  were  applied 
and  thus  perfect  contact  with  the  subgrade  did  not 
exist,  it  is  probable  that  the  percentage  of  load  actually 
transferred  is  somewhat  more  than  one  might  assume 
from  the  stress  reduction  values  given  in  table  12.  The 
reasons  for  this  have  been  discussed  previously  in  con- 
nection with  the  application  of  the  second  method  of 
analysis  to  the  deflection  data. 

Considering  all  of  the  evidence  regarding  the  ability 
of  the  various  transverse  and  longitudinal  joints  to 
reduce  or  control  the  critical  stresses  resulting  from  a. 
load  applied  near  a  slab  corner,  it  is   indicated    that 
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FmuRE  37. — Comparison  of  the  Critical  Load  Stresses 
Measured  at  the  Free  and  Longitudinal  Joint  Corners. 
Values  Indicate  Tension  in  Upper  Surface  of  Slab. 

practically  all  of  the  joints  have  a  relatively  high  degree 
of  effectiveness. 

effect  of  dowel  spacing  on  joint  efficiency  discussed 
from  a  theoretical  standpoint 

The  transverse  joints  of  the  weakened-plane  type 
were  tested  during  the  winter  when  they  were  in  the 
opened  condition.  However,  the  amount  of  opening 
resulting  from  temperature  contraction  was  not  large 
in  slabs  of  this  length.  This  probably  explains  the 
fairly  high  degree  of  effectiveness  shown  by  the 
undoweled  joint. 

The  dowel-plate  joint  having  the  %-inch  joint  open- 
ing appears  to  be  somewhat  more  effective  in  con- 
trolling corner  stresses  than  does  the  similar  joint  with 
the  /4-inch  opening.  In  the  case  of  the  doweled  joints 
containing  the  %-inch  diameter  round  bars  the  effect  of 
joint  opening  is  not  definite,  probably  for  the  reasons 
previously  discussed.  The  same  is  true  for  indications 
as  to  the  effect  of  dowel  spacing. 

It  will  be  noted  that  two  of  the  longitudinal  joints, 
on  the  basis  of  the  corner  stress-reduction  data,  appear 
to  transfer  a  full  half  of  the.  load  across  the  joint  to  the 
adjacent  slab  (sections  9  and  10).  Section  9  is  a  7-inch 
uniform-thickness  slab  having  a  longitudinal  joint  of 
the  butt  type  crossed  by  %-inch  bonded  dowels  at  24- 
inch  centers,  while  section  10  is  a  6-inch  uniform-thick- 
ness section  having  a  longitudinal  joint  consisting  of  a 
corrugated,  steel  dividing  plate  and  held  together  with 
'■j-inch  bars  at  60-inch  intervals.  Thus,  in  each,  condi- 
tions are  favorable  for  the,  development  of  a  resisting 
moment  and  a  high  degree  of  load  transfer. 

The  effect  of  edge  thickening  hi  reducing  the  corner 
stresses  of  the  thickened-edge  slabs  is  of  interest  in 
connection  with  joint  design  even  though  it  may  not  be 
considered  an  actual  joint  design  problem.  An  indica- 
tion of  this  effect  may  be  obtained  from  the  stress 
curves  in  figure  36  by  comparing  the  stresses  at  the 
free  corners  of  thickened-edge  slabs  with  those  at  the 
corresponding  point  of  comparable  slabs  of  uniform 
thickness. 

It  has  been  shown  that,  for  a  number  of  reasons,  it  has 
not  been  possible  during  this  investigation  to  develop 
from  the  test  data  as  complete  information  regarding 
the  proper  dowel  spacing  to  control  efficiently  the 
stresses  that  occur  directly  under  a  load  applied  near  a 
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DOWtL    SPACING   -  INCHES 
12  18  24 


EDGE  STRESS  FOR 
10,000  POUND  LOAD 
10-INCH  SLAB  234  POUNDS  PER  SQ  INCH 
9-INCH  SLAB  285  POUNDS  PER  SQ.  INCH 
8INCH  SLAB  353  POUNDS  PER  SQ.  INCH 
7  INCH  SLAB  449  POUNDS  PER  SQ.  INCH 
6-INCH   SLAB   587  POUNDS    PER    SQ    INCH 


E  =  5,500,000  POUNDS    PER     SQUARE    INCH 

.1         ■     ■    Pi  il  INDS    PFN   CUBIC   IN(  H 


4   INCHES 
0  IS 


I  i'  i  re  38. — Effect  of  Dowel  Spacing  on  Reduction  of 
Edge  Stress  Computed  by  Westergaard's  Exact  Method. 
Relations  Shown  for  a  Common  Load. 

joint  as  it  is  desirable  to  obtain.  This  was  caused  in 
part  by  the  fact  that  most  of  the  dowel  spacings  were 
too  great  to  be  effective  and  in  part  by  the  presence  of 
other  complicating  variables  in  a  number  of  the  tests. 

It  is  believed  that  a  short  discussion  of  the  subject 
from  a  theoretical  standpoint  will  help  to  clarify  the 
general  relations  between  load,  stress,  slab  thickness, 
and  dowel  spacing. 

Making  use  of  the  more  exact  formulas  developed 
by  Westergaard  in  his  analysis  of  this  subject,2  that  is, 
the  formulas  in  which  the.  reactions  of  the  four  dowels 
nearest  the  load  are  taken  into  account,  the  values  that 
determine  the  sets  of  curves  shown  in  figures  38  and  39 
were  computed.  The  constants  used  in  the  calculations 
were  appropriate  to  the  conditions  of  the  tests  at  Arling- 
ton. In  the  analysis  bj^  Westergaard  it  was  assumed 
that  the  dowels  were  of  sufficient  stiffness  to  cause  the 
two  sides  of  the  joint  to  deflect  equally.  Since  dowels 
do  not  perform  hi  this  ideal  manner,  it  is  to  be  expected 
that  the  theoretical  stress  reductions  for  given  condi- 
tions will  be  greater  than  those  that  will  be  obtained  in 
practice,  with  joints  as  they  are  constructed  at  the 
present  time. 

The  stress  reductions  shown  in  figure  38  are  for  a 
constant  load  of  10,000  pounds  applied  on  slabs  of 
6,  7,  8,  9,  and  10-inch  thicknesses.  The  stresses 
theoretically  developed  in  the  free  edge  of  each  slab 
by  this  same  load  are  tabulated  in  the  lower  part  of  this 
figure. 

In  figure  39  similar  relations  are  shown,  but  in  this  case 
the  magnitude  of  the  applied  load  was  varied  in  order 
that  the  edge  stress  in  each  of  the  various  tlucknesses 
of  slab  would  have  a  constant  value  of  300  pounds  per 
square  inch. 

Both  of  these  figures  show  very  clearly  that  both  the 
amount  and  the  rate  of  stress  reduction  increase  as  the 
dowel  spacing  decreases.  It  is  indicated  that,  even 
for  the  ideal  condition  represented  by  the  basic  specifi- 
cation of  the  analysis,  dowels  spaced  3  feet  or  more 
apart  are  of  little  value  in  reducing  slab  stresses. 
When  the  dowel  spacing  is  2  feet  or  less,  the  dowel  reac- 
tions become  more  effective  in  reducing  stress  and  the 
analysis  shows  that  if  dowels  are  to  be  of  appreciable 
value  in  reducing  edge  stresses,  they  must  be  closely 
spaced,  even  when  complete  rigidity  exists  in  the  dowel. 

1  Spacing  of  Dowels,  by  II.  M.  Westergaard.  Proceedings,  Eighth  Annual  Meet- 
ing nf  the  Eighway  Research  Board,  1928,  pp.  154-158.  [Footnote  12  in  the  first  in- 
stallment of  this  paper  (Public  Roads,  September  1936,  p.  H7)  is  incorrect,  and 
should  refer  to  the  above  article.] 
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LOAD  APPLIED   FOR  5TRESS  OF  300  LBS.  PER  SQ.  114 
6-INCH    SLAB     5,1    10  POUNDS  8-INCH    SLAB    8,500  POUNDS 

7-INCH    SLAB     6,680  POUNDS  9-INCH    SLAB   10,525  POUNDS 

10-INCH    SLAB  12,820  POUNDS 


E  =  5,500,000  POUNDS    PER    SQUARE    INCH 
H  =  225POUNDS    PER   CUBIC   INCH 


a  =  4   INCHES 
/u.  =  0.15 


Figure  39. — Effect  of  Dowel  Spacing  on  Reduction  of 
Edge  Stress  Computed  by  Westergaard's  Exact  Method 
Relations  Shown  for  a  Common  Edge  Stress. 

Both  theory  and  experiment  show  that  a  load  that 
will  produce  a  critical  stress  of  300  pounds  per  square 
inch  in  the  free  edge  of  a  slab  will  cause  a  critical  stress 
of  slightly  less  than  200  pounds  per  square  inch  when 
applied  in  the  interior  of  the  slab  (provided  the  slab  is 
of  uniform  thickness).  Thus  in  this  type  of  slab  com- 
plete continuity  will  effect  a  stress  reduction  of  a  little 
more  than  100  pounds  per  squai*e  inch.  There  are  a 
number  of  other  factors  that  affect  this  relation  some- 
what but  the  above  general  statement  is  approximately 
true. 

Figure  39  shows  that,  theoretically,  in  order  to  accom- 
plish the  same  reduction  with  dowels  that  is  obtained 
by  the  continuity  of  the  slab  (about  100  pounds  per 
square  inch),  a  dowel  spacing  of  approximately  21 
inches  would  be  required  with  a  slab  9  inches  thick 
and  a  spacing  of  approximately  17  inches  with  a  slab 
6  inches  thick. 

The  data  presented  in  this  report  show  that  in  joints 
of  the  types  tested,  the  stress  reductions  to  be  expected 
in  joints  as  actually  constructed  will  fall  considerably 
short  of  that  theoretically  possible. 

If  a  doweled  joint  is  to  bring  about  a  satisfactory 
control  of  edge  stresses  it  would  appear  that  the  dowel 
units  will  have  to  provide  more  shear  resistance  indi- 
vidually and  be  spaced  much  nearer  to  each  other  than 
has  been  the  practice  in  the  past. 

MEASUREMENTS  MADE  OF  COMBINED  STRESSES   AT  JOINTS 

A  pavement  slab  to  be  perfectly  designed  structurally 
should  be  so  proportioned  that  a  given  load,  wherever 
applied,  would  at  all  times  produce  no  more  than  a 
selected  maximum  stress  at  any  point.  Such  a  design 
would  make  the  most  economical  use  of  the  material 
and  would  have  no  weak  spots  at  which  overstressing 
could  occur  and  failure  begin. 

The  load-carrying  capacity  of  any  pavement  slab 
should  be  indicated  by  the  most  critical  combinations 
of  load  and  warping  stresses  at  the  different  parts  of 
the  slab,  and  the  more  nearly  the  ideal  design  is  ap- 
proached the  more  readily  will  these  combined  stresses 
attain  a  common  value.  There  is,  however,  one  con- 
sideration that  should  be  mentioned  because  it  affects 
the  generality  of  application  of  the  statement  that  was 
just  made.  For  a  load  placed  at  the  edge  of  a  slab  or 
at  an  interior  point  the  load  stress  is  liighly  localized 
as  has  been  show-n  in  a  number  of  the  figures  of  this 
and  the  preceding  papers.  When  a  load  is  applied  on 
the  corner  of  a  slab  the  distribution  of  the  high  stress 
values  is  considerably  greater.  It  seems  probable, 
therefore,  that  a  combined  stress  having  a  magnitude 
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that  would  cause  a  structural  failure  in  the  case  of  a 
corner  loading  would  not  necessarily  produce  a  struc- 
tural failure  when  developed  under  the  load  in  the  case 
of  an  edge  or  interior  loading.  If  this  is  true,  a  pave- 
ment slab  should  be  so  designed  that  the  combined 
load  and  warping  stress  at  the  corner  is  less  than  at 
other  parts  of  the  slab. 

Since  the  interior  portion  of  the  slab  is  inherently 
the  strongest  and  comprises  the  greatest  area,  the  object 
of  the  design  should  be  to  increase  the  load-carrying 
capacity  of  the  free  and  joint  edges  and  of  the  corners 
to  equal  that  of  the  interior  of  the  slab.  With  this 
thought  in  mind  table  13  was  prepared.  The  values  in 
the  lour  columns  headed  "Maximum  load  stresses"  show 
the  magnitudes  of  the  maximum  stresses  for  various 
positions  of  a  given  load,  expressed  as  a  percentage  of 
those  found  for  an  interior  position  of  this  load  (point 
II).  The  values  shown  in  the  columns  headed  "Warping 
stresses"  are  expressed  in  the  same  way  and  are  taken 
from  the  maximum  average  warping  stresses  measured 
on  the  two  test  sections  concerned  and  published  in 
the  second  report  of  this  series. 

The  first  two  columns  of  each  group  show  data  ob- 
tained from  the  thickened-edge  slab  (sec.  5)  while 
the  third  and  fourth  columns  contain  similar  values 
which  apply  to  three  points  along  the  free  edge  of  the 
6-inch  constant-thickness  slab  (sec  10).  Other  fac- 
tors being  constant,  these  are  the  three  points  where 
the  relations  for  a  constant-thickness  slab  might  be 
expected  to  be  different  from  those  for  a.  thickened-edge 
slab. 

The  warping  stresses  are  applicable  only  to  slabs  of 
the  general  dimensions  tested  in  this  investigation. 


Table  13. — Relation  of  both  critical  load  and  warping  stresses  at. 
points  near  the  free  ami  joint  edges  of  typical  slabs  compared  to 

the  stresses  at.  the  interior 


Maximum  load  stresses  (upper 
surface  of  slab)  (percentage  of 
that    at    point     11     on    each 
section; 

Warping  stresses  (percentage  of 
that  at  point  H  on  each  section)  ' 

Load  at  point 

Section  5 

Section  10 

Section  5 

Section  10 

Com- 
pres- 
sion 

Percent 

Ten- 
sion 

Com- 
pres- 
sion 

Ten- 
sion 

Com- 
pres- 
sion 

Ten- 
sion '• 

Com- 
pres- 
sion 

Ten- 
sion 

E._ 

Percent 
71 
19 
48 
48 
0 
34 
67 
26 
34 

Percent 
159 

Perec  nl 
130 
45 

88 

Percent 

0 

115 

0 

22 

100 

22 

0 

89 

0 

Percent 
11 

11 

Percent 

89 

Percent 

11 

A 

109 

C___ 

11 

1 

159 
100 
120 
84 
115 
110 

H 

Q 

F 

11 

B 

r> 

11 

1  Warping  stresses  are  for  the  same  points  in  the  upper  surface  of  the  slab  for  which 
load  stresses  are  given  and  are  for  conditions  of  average  maximum  warping. 

-  Values  are  for  stresses  parallel  to  the  bisector  of  the  corner  angle  since  they  are  to 
be  combined  with  the  load  stresses  in  that  direction. 

1 1  will  be  noted  that  two  load  stresses  are  shown  for 
each  point  of  load  application  on  these  two  slabs  except 
for  points  E  and  C.  The  values  shown  in  the  first 
column  in  each  case  are  stresses  in  the  top  of  the  slab 
directly  under  the  load.  These  are  not  shown  for 
points  E  and  C  because  of  their  very  small  magnitude. 
The  second  column  in  each  case  contains  the  maximum 
stresses  occurring  in  the  top  of  the  slab  at  some  distance 
from  the  area  of  load  application.  The  efficiency  of 
the  longitudinal  and  the  transverse  joints  naturally 
affects  some  of  the  values  given  so  that  relations  shown 


in  the  table  apply    to   pavements  of  equivalent  cross 
section  and  joint  efficiency. 

The  effect  of  edge  thickening  on  the  load  and  warping 
stresses  at  the  various  points  is  apparent  if  the  values 
pertaining  to  them  for  section  5  are  compared  to  those 
for  the  same  points  on  section  10.  Except  in  those 
cases  where  the  edge  thickening  affects  the  relation,  the 
values  shown  for  points  at  the  free  edges  ami  free  ends 
of  the  sections  would  apply  equally  well  for  joints 
having  little  or  no  structural  effectiveness.  The  effect 
of  the  joint  design  in  section  10  in  reducing  load 
stresses  is  reflected  in  the  comparative  magnitude  of  the 
load-stress  values  at  the  corresponding  points  on  the 
free  and  joint  corners  of  this  constant-thickness  slab. 

IMPORTANCE  OF  CONTROLLING  LONGITUDINAL  WARPING 
STRESSES  EMPHASIZED 

There  is  a  small  variation  in  the  relation  between  the 
load-stress  values  at  the  various  parts  of  a  pavement 
slab  at  different  seasons  of  the  year.  This  will  be  dis- 
cussed more  thoroughly  in  the  next  paper  of  this  series 
The  relations  shown  in  table  L3  for  the  critical  stresses 
directly  under  the  load  are  based  on  data  obtained  from 
a  great  many  tests  made  during  the  winter  months. 
The  values  shown  for  the  less  critical  stresses  (those 
not  directly  under  the  load)  are  based  upon  less  ex- 
tensive data  obtained  in  tests  made  at  various  seasons 
of  i\w  year,  although  wherever  possible  the  relations 
shown  are  averages  from  several  tests. 

In  order  to  emphasize  the  importance  of  the  data 
just  shown  and  to  present  them  in  a  more  easdy 
assimilated  form,  table  14  was  prepared.  In  this  table 
the  critical  combined  stresses  are  given  in  absolute 
units  and  represent  stresses  that  might  reasonably  be 
expected  to  develop  in  each  of  the  two  slabs  under  the 
action  of  a  7,000-pound  load  and  temperature  warping 
of  average  maximum  intensity  as  determined  during 
the  course  of  this  investigation.  The  values  follow 
directly  from  the  percentages  given  in  the  preceding 
table.  In  all  cases  except  at  the  corners  the  stresses 
apply  to  afternoon  conditions.  For  the  corners  the 
warping  is  that  which  occurs  during  the  night.  It  was 
explained  in  a  previous  report  that  it  was  not  possible 
to  determine  the  corner  warping  stresses  for  a  thick- 
ened-edge slab.  For  this  reason  it  was  necessary  to 
apply   to   the  thickened-edge  slab  the  corner  warping 

Table  14. — Combined  critical  load  and  warping  stresses  '  at  the 
m  nl  point  and  at  points  near  the  free  and  joint  edges  of  panels  of 
two  of  the  test  sections 


Load  at  point 

Load  stress  2 

Warping  stress 

Combined 
stress 

Combined 
stress  (percent- 
age of  that  at 
point  H) 

Com- 
pres- 
sion 

Ten- 
sion 

Com- 
pres- 
sion 

Ten- 
sion 

Com- 
pres- 
sion 

Ten- 
sion 

Com- 
pres- 
sion 

Ten- 
sion 

Section  5: 
E 

Lbs. 
per 
sq.  in. 
0 
268 

Lbs. 
per 
sq.  in. 
176 

119 

165 

84 
321 
217 

Lbs. 

per 

sq.  in. 

0 

413 

0 

80 

360 

80 

0 

320 

0 

320 

Lbs. 
per 
sq.  in. 
40 

40 

40 
40 
40 
40 

Lbs. 
per 
sq.  in. 
0 
681 

473 
607 
377 
207 

605 
272 

713 

Lbs. 
per 

»/.  in. 
216 

159 

205 

124 
361 
257 

Percent 

0 

112 

78 
100 

62 

34 
100 

45 

117 

Percent 
36 

A 

C 

20 

I 

393 
247 
297 
207 
285 
272 

H 

G 

F 

34 

B 

D 

20 

Section  10: 
E 

60 

A   

393 

C     . 

42 

i  Maximum  stresses  in  upper  surface  of  slab. 

s  The  load  stresses  in  each  section  were  produced  with  a  7,000-pound  load. 
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stresses  determined  from  measurements  on  the  corner 
of  a  constant-thickness  slab.  The  magnitude  of  these 
stresses  is  so  small  that  this  method  should  introduce 
no  error  of  consequence. 

The  warping  stresses  shown  in  this  table  are  for 
slabs  10  feet  wide  and  20  feet  long.  It  was  brought  out 
in  the  discussion  of  warping  stresses  in  the  second 
reporl  that,  for  slabs  of  the  thicknesses  used,  the  maxi- 
mum warping  stresses  are  approximately  as  large  as 
they  would  be  for  much  longer  slabs  of  the  same  width. 
The  combined  stresses  shown  in  table  14  should  there- 
fore represent  the  condition  where  effective  control  of 
warping  stress  has  not  been  provided. 

There  was  no  opportunity  in  this  investigation  to 
make  an  extensive  study  of  warping  stresses  on  short 
slabs,  but  the  work  that  was  done  indicated  that  the 
magnitude  of  the  critical  warping  stresses  would  be 
greatly  reduced  as  the  length  of  the  slab  was  reduced 
below  the  20-foot  length  used  in  this  series  of  tests, 
for  short  slabs  the  values  of  the  combined  stress  will 
tend  to  approach  the  value  of  the  load  stress  alone. 

It  is  obvious  from  table  14  that  the  most  important 
step  in  the  effort  to  balance  the  combined  stress  values 
is  to  reduce  the  warping  stress  at  points  A,  H,  and  B. 
The  most  effective  means  for  doing  this  seems  to  lie  by 
shortening  the  length  of  the  slab.  This  has  already 
been  discussed  in  connection  with  cross-section  design 
in  the  preceding  paper  and  needs  no  further  discussion 
here.  The  effect  of  edge  thickening  on  the  load  and 
warping  stresses  was  also  discussed  in  a  previous  report. 

One  of  the  most  difficult  problems  in  connection  with 
concrete  pavement  construction  is  the  control  of 
transverse  cracking.  It  is  important  to  control  the 
critical  load  stress  along  a  slab  edge  abutting  a  longi- 
tudinal joint  because  this  stress  combines  directly  with 
a  warping  stress  that  tends  naturally  to  be  high.  The 
combined  stress,  being  a  longitudinal  stress,  is  in  a 
position  to  start  the  formation  of  a  transverse  crack  if 
its  value  becomes  excessive.  Longitudinal  joint  designs 
of  high  structural  efficiency  are  desirable  therefore  as 
an  aid  in  controlling  transverse  cracking. 

JOINTS  SHOULD  PERMIT  KKEE  FLEXURE  OF  SLAB  EDGES 

The  longitudinal  joints  in  both  sections  5  and  10 
were  very  effective  in  reducing  the  stresses  under  the 
load  and  it  is  apparent  from  table  14  that,  wdiere  the 
warping  stresses  are  controlled,  the  cross  section  of  a 
slab  haying  a  thickened  edge  and  an  efficient  longitu- 
dinal joint  is  very  well  balanced.  Because  the  width 
of  the  slab  was  but  one  half  of  its  length,  the  warping 
stresses  at  points  I  and  G  are  much  smaller  than  those 
at  points  A  and  B.  This  probably  explains  why 
longitudinal  cracking  is  seldom  observed  in  slabs  having 
a  width  of  approximately  10  feet. 

It  is  apparently  unnecessary,  in  order  to  balance  the 
general  design  of  a  pavement  slab,  to  reduce  the  com- 
bined stresses  at  points  I  and  G  unless  the  warping 
stresses  in  the  longitudinal  direction  are  controlled. 
Where  these  stresses  are  controlled,  leaving  practically 
all  of  the  flexural  strength  of  the  slab  available  for 
carrying  load,  then  it  becomes  necessary  to  provide 
transverse  joints  that  are  effective  in  reducing  the 
stresses  directly  under  the  load,  when  the  load  is  near 
the  joint,  in  order  to  make  the  load-carrying  capacity 
of  the  slab  at  point  G  comparable  to  that  at  the  interim 
point  H. 

The  effect  of  edge  thickening  and  of  the  joint  con- 
struction on  the  stress  conditions  of  the  corners  E, 
C,  K,  and  I)  are  well  shown  by  table  14.     The  warping 


stresses  at  the  corners  are  so  low  that,  on  the  basis  of 
combined  stresses,  the  corners  do  not  appear  to  be 
critical  points.  Because  of  the  distribution  of  the 
maximum  stress  from  a  load  applied  at  a  corner  and 
because  of  the  greater  likelihood  of  impact,  weakened 
subgrade  support  resulting  from  the  infiltration  of 
water,  and  possibly  other  factors,  it  appears  desirable 
to  make  the  corners  of  the  slab  somewhat  stronger  in 
relation  to  the  other  parts  of  the  slab  than  would 
appear  to  be  necessary  from  the  combined  stress 
values  in  the  table. 

A  comparison  of  the  load  stresses  occurring  along  the 
bisector  of  the  corner  angle,  for  a  load  acting  at  point 
E  on  each  of  the  two  slabs,  shows  that  edge  thickening 
is  very  effective  in  reducing  these  stresses.  The  effec- 
tiveness of  joints  in  controlling  these  stresses  at  joint 
corners  was  discussed  earlier  in  this  paper  in  connection 
with  table  12. 

It  is  interesting  to  note  that  at  the  inside  corners, 
where  the  load  stresses  along  the  bisector  of  the  corner 
angle  are  very  low,  the  stresses  directly  under  the  load 
become  relatively  high.  This  is  due  to  the  action  of 
the  joints  causing  the  slab  at  point  D  to  behave  more 
in  the  manner  of  the  interior  of  the  slab.  One  joint 
acting  effectively  will  cause  the  stresses  at  tins  point  to 
be  distributed  as  at  a  free  edge,  while  with  both  joints 
effective  a  stress  distribution  more  like  that  which 
exists  in  the  case  of  an  interior  loading  is  created.  Thus 
the  position  and  magnitude  of  the  critical  stress  at  a 
slab  corner  depend  upon  the  action  of  the  joint  or  joints 
at  that  comer.  Joints  that  are  very  effective  in  con- 
trolling the  stresses  along  the  bisector  of  the  corner 
angle  may  cause  a  critical  stress  condition  under  a  load 
acting  near  the  corner. 

It  has  already  been  shown  that,  from  the  standpoint 
of  reducing  warping  stresses,  free  action  of  the  corners 
at  point  D  is  desirable.  Such  construction  would  like- 
wise reduce  the  load  stress  just  discussed  and  increase 
slightly  the  load  stress  along  the  bisector  of  the  corner 
angle  of  the  slab.  Therefore,  as  far  as  both  warping 
and  load  stresses  are  concerned,  the  joints  should  be  so 
designed  that  resisting  moments  that  prevent  free 
flexure  are  not  developed  in  the  joint. 

Earlier  in  this  paper  it  was  stated  that  joints  are 
introduced  into  concrete  pavements  for  the  purpose  of 
controlling  certain  stresses  that  are  present  from 
causes  other  than  load,  and  that  joints  may  be  classified 
according  to  the  stresses  they  are  intended  to  relieve  as 
follows: 

1.  Expansion  joints  to  control  the  direct  compression 
stress  caused  by  expansion  of  the  concrete. 

2.  Contraction  joints  to  control  the  direct  tensile 
stresses  caused  by  contraction  of  the  concrete. 

3.  Warping  joints  to  control  the  bending  stresses 
resulting  from  restrained  warping. 

Data  developed  during  the  course  of  this  investiga- 
tion and  reported  in  this  and  the  two  preceding  papers 
of  this  series  permit  certain  general  observations  to  be 
made  and  also  suggest  certain  ways  in  which  the  joint 
designs  that  were  tested  may  be  improved. 

SPACING    OF    EXPANSION,    CONTRACTION.    AND    WARPING     JOINTS 
SHOULD  BE  APPROXIMATELY  100,  .10,  AND  10  FEET,  RESPECTIVELY 

The  proper  spacing  of  joints  is  a  matter  concerning 
which  there  has  frequently  been  a  wide  difference  of 
opinion.  The  trend  of  thought  as  reflected  in  construc- 
tion practice  during  the  past  was  brought  out  in  the 
historical  review  at  the  beginning  of  this  paper.  As 
recently  as  the  December  1932  meeting  of  the  Highway 
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Research  Board,  in  a  paper  on  the  design  of  joints,3 
l\  D.  Bradbury  stated  that:  "The  proper  spacing  of 
transverse  joints  is  largely  a  matter  of  judgment  based 
upon  experience".  In  other  words,  there  was  available 
no  rational  method  by  which  the  proper  spacing  of 
joints  coidd  be  determined 

Since  joints  cost  money  it  1 1 : i s  frequently  been  the 
policy  to  install  as  few  joints  as  possible  and  to  have 
these  of  the  cheapest  type.  It  is  well  to  remember, 
however,  that  the  stress  reductions  accomplished  by  the 
introduction  of  the  joint  may  be  worth  more  in  added 
load-carrying  capacity  than  the  cost  of  the  joint  instal- 
lation. This  study  indicates  that  frequency  of  joints 
can  increase  the  safe  load-carrying  capacity  of  a  pave- 
ment without  any  increase  ha  slab  thickness.  Also, 
frequent  joints  and  the  resulting  short  slab  lengths 
simplify  somewhat  the  structural  requirements  of  trans- 
verse joint,  designs. 

It  is  not  the  intention  to  suggest  that  as  a  result  of 
this  investigation  it  is  now  possible  to  determine  ration- 
ally the  proper  spacing  of  joints  under  all  conditions. 
Much  additional  information  is  needed  before  this 
desirable  objective  can  be  attained  ;  particularly  needed 
are  data  on  the  effects  of  radically  different  subgrade 
conditions  and  on  a  number  of  factors  that  affect  warp- 
ing stresses.  However,  the  data  already  obtained  make 
possible  several  useful  generalizations  relative  to  joints. 
The  tests  have  shown  that  the  distance  between  expan- 
sion joints  will  not  be  determined  so  much  by  the 
magnitude  of  the  compressive  stresses  during  expan- 
sion as  it  will  by  a  consideration  of  the  amount  of  hori- 
zontal movement  that  it  is  desirable  to  permit  at  any 
one  joint.  The  data  presented  in  the  second  report 4 
show  that  for  ordinary  slab  lengths  the  compressive 
stresses  during  expansion  are  relatively  quite  small, 
provided  no  restraint  is  offered  at  the  slab  ends. 

Figure  40  has  been  prepared  from  data  obtained  dur- 
ing these  studies  to  give  an  idea  of  the  average  changes 
in  length  that  occur  annually  in  concrete  pavements 
from  changes  in  the  moisture  state  of  the  concrete  and 
in  the  average  temperature  of  the  slab  (fig.  40-A),  and 
of  those  that  occur  daily  from  temperature  change  alone 
(fig.  40-B).  The  length  changes  are  in  inches  and  apply 
to  a  slab  100  feet  in  length.  This  graph  shows  that  the 
rise  in  temperature  from  winter  to  summer  caused  an 
expansion  of  about  0.45  inch  in  this  length  of  slab.  Dur- 
ing this  same  period  a  loss  of  moisture  occurred  which 
caused  a  contraction  of  about  0.15  inch.  The  net  result 
of  the  combined  annual  volume  changes  was  an  expan- 
sion of  about  0.30  inch  from  winter  to  summer.  The 
daily  changes  in  length  are  approximately  0.03  inch  in 
winter  and  0.08  inch  in  summer.  The  values  apply  ex- 
actly only  to  climatic  conditions  and  to  concrete  having 
volume-change  characteristics  such  as  those  which  ex- 
isted in  these  tests.  However,  there  is  nothing  unusual 
about  either. 

It  will  be  recalled  that  data  presented  in  the  second 
report  showed  that  the  test  slabs  at  Arlington  are  gradu- 
ally increasing  in  length.  The  ultimate  extent  of  this 
growth  cannot  be  predicted,  but  after  four  annual  cycles 
of  length  change  it  amounted  to  approximately  0.17 
inch  in  a  100-foot  slab.  Such  a  change  when  present 
will  have  to  be  cared  for  in  the  expansion-joint  design. 

3  Design  of  Joints  in  Concrete  Pavements,  by  K.  D.  Bradbury,  1'roceedings  I2tli 
Annual  Meeting,  Highway  Research  Board,  KI32,  part  I,  pp.  105-136. 

'  Structural  Design  of  Concrete  Pavements,  (see  fig.  23  and  attendant  discussion  i 
Public  Roads,  vol.  16,  no.  9,  November  1935, 
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b-magnitude  of  the  daily  change 

Figure  40. — Average  Seasonal  and  Daily  Changes  in 
Length  of  a  100-Foot  Slab  Caused  by  Variations  in 
Temperature  and  Moisture  Content.  (Based  on 
Observed   Movements.) 

In  view  of  the  present  knowledge  on  the  subject,  if 
seems  reasonable  to  conclude  that  expansion  joints  should 
be  provided  at  no  greater  than  100-foot  intervals  in  order 
to  keep  the  joint  openings  from  becoming  excessive. 

The  spacing  of  contraction  joints,  unlike  that  of  ex- 
pansion joints,  will  be  determined  by  the  permissible 
unit  stress  in  the  concrete.  If  this  is  restricted  to  a  low 
value,  as  is  most  desirable  because  of  its  direct  effect  on 
load-carrying  capacity,  the  test  data  indicate  that  the 
contraction- joint  interval  should  be  kept  quite  small, 
possibly  of  the  general  order  of  30  feet. 

In  the  second  and  third  papers  of  the  series  it  was 
shown  that,  if  the  stresses  caused  by  restrained  temper- 
ature warping  are  to  be  properly  controlled,  the  length 
and  width  of  the  slab  panels  must  be  kept  quite  small. 
Although  additional  studies  should  be  made  to  deter- 
mine what  the  maximum  dimensions  should  be  for  vari- 
ous slab  thicknesses,  the  present  data  indicate  that  a, 
satisfactory  control  of  warping  stresses  would  ordinarily 
be  obtained  if  the  maximum  dimensions  of  the  slab 
were  10  or  12  feet,  indicating  that  the  interval  between 
warping  joints  should  be  of  the  same  general  order. 

EDGE  THICKENING  AT  JOINTS  EFFECTIVE  ONLY  FOR  SHORT  SLABS 

The  joint  tests  in  this  investigation  as  originally 
planned  did  not  include  provision  for  a  study  of  types 
and  arrangement  of  joints  to  control  warping  stresses, 
and  it  has  not  yet  been  possible  to  conduct  such  a  study. 
There  are  three  arrangements  that  might  be  considered: 

1.  Placing  joints  that  will  both  provide  for  expansion 
and  relieve  contraction  stresses  at  intervals  sufficiently 
small  to  control  warping  stress  effectively. 

2.  Placing  expansion  joints  at  intervals  sufficiently 
small  to  relieve  contraction  stresses  and,  between  the 
expansion  joints,  placing  joints  intended  to  relieve 
warping  stresses  only. 

3.  Placing  expansion  joints  at  the  proper  intervals, 
between  these  placing  the  contraction  joints  at  the 
intervals  necessary  to  control  tensile  stress  and,  finally, 
between  the  contraction  joints  placing  warping  joints 
as  frequently  as  necessary. 
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In  deciding  which  of  these  different  arrangements 
should  be  used  and  to  what  extent  the  ideal  installation 
should  be  approached  there  are  several  factors  to  be 
I  aken  into  consideration: 

1.  The  effectiveness  of  the  proposed  joints  in  reduc- 
ing the  stresses  caused  by  restrain  ted  warping; 

2.  The  efficiency  of  the  joints  in  reducing  the  critical 
stresses  caused  by  a  load  acting  near  the  joint; 

3.  The  difficulty  of  maintaining  the  joints  in  a  prop- 
erly sealed  and  smooth  condition; 

4.  Installation  difficulties;  and 

5.  Cost.5 

The  strengthening  of  slab  edges  at  joints  has  been 
applied,  in  practice,  to  longitudinal  joints  and  to  a 
more  limited  extent  to  transverse  joints.  The  applica- 
tion to  longitudinal  joints  appears  to  have  been  success- 
ful but  there  has  been  some  criticism  of  the  attempts  to 
use  edge  thickening  at  transverse  joints  because,  on 
certain  projects  at  least,  it  is  reported  that  transverse 
cracks  have  formed  within  3  or  4  feet  of  the  transverse 
joints.  The  formation  of  these  cracks  is  attributed  in 
various  ways  to  the  presence  of  the  thickened  slab  end. 

In  this  investigation  one  of  the  sections  was  con- 
structed with  thickened  ends  and  this  section  has  been 
carefully  studied  over  the  entire  period  of  the  test. 
It  was  found  that  the  thickened  ends  did  not  increase 
the  resistance  of  the  subgrade  to  horizontal  slab  move- 
ment because  in  slabs  20  feet  long  the  subgrade  adhered 
to  the  concrete  and  there  was  little  or  no  sliding  of  the 
slab  ends.  The  data  obtained  indicated  no  greater 
tensile  stress  in  this  slab,  during  contraction,  than  in 
one  built  without  the  thickened  ends. 

The  design  of  edge  thickening  for  balancing  load 
stresses  was  described  in  the  third  paper  of  the  series, 
and  it  was  pointed  out  that  edge  thickening  to  be  most 
effective  should  be  limited  to  relatively  short  slabs  be- 
cause of  the.  increased  warping  stresses  that  tend  to 
develop  under  certain  conditions.  These  considera- 
tions apply  with  equal  force  to  both  longitudinal  and 
transverse  joint  edges.  It  is  necessary  that  special  care 
should  be  taken  in  the  early  curing  period  of  such  de- 
signs to  insulate  the  slabs  and  prevent  the  formation 
of  large  temperature  differentials.  In  the  report  of  the 
curing  experiments  at  Arlington6  some  years  ago  men- 
tion was  made  of  transverse  cracking  which  occurred 
close  to  the  ends  of  several  of  the  sections  that  were 
not  protected  from  the  suifs  rays  during  the  first  24 
hours  alter  placing.  This  cracking,  which  was  similar 
in  location  to  that  reported  on  sonic  of  the  thickened- 
end  pavements,  was  attributed  to  high  warping  stress 
during  the  early  period  of  strength  development,  point- 
ing to  the  desirability  of  insulative  coverings  for  curing 
concrete  pavements. 

With  thickened-end  slabs,  blocking  of  the  lower  por- 
tion of  the  transverse  joint  with  concrete  spilled  during 
construction  or  with  solid  matter  entering  after  con- 
struction is  likely  to  be  a  serious  matter  because  of  the 
eccentricity  of  thrust  and  consequent  greatly  increased 
bending  moments  that  may  develop  near  the  joint  dur- 
ing expansion  of  the  slabs.  It  is  especially  necessary, 
therefore,  that,  where  thickened  ends  are  to  be  used  at 
transverse  joints,  care  should  be  taken  to  insure  that 
there  is  space  for  free  expansion  at  all  times. 

5  For  a  discussion  of  current  costs  and  other  considerations,  the  reader  is  referred  to 
a  paper  entitled  "  I  >evelopments  in  Transverse  Joints  and  Fillers  in  Concrete  Pave- 
ments and  Bases"  by  R.  E.  Toms,  presented  before  a  meeting  of  the  Association  of 
state  Highway  Officials  of  the  North  Atlantic  States,  Baltimore,  Md.,  Feb.  14,  1935. 
See  also  American  Highways,  Vol.  14.  No.  2.  April  1935,  for  a  similar  discussion  by 
the  same  author. 

B  The  Arlington  Curing  Experiments,  by  L.  W.  Teller  and  II.  L.  Boslev.  PUBLIC 
ROADS,  Vol.  10,  No.   12,   February  1930.     pp.  218-210. 


IMPROVEMENTS  IN  DESIGN  OF  DOWELED  JOINTS  RECOMMENDED 

The  doweled  transverse  joints  tested  were  found  to 
be  effective  in  the  two  functions  of  permitting  unre- 
strained expansion  and  contraction  and  in  allowing  (he 
slab  ends  to  warp  freely.  These  joints  as  constructed 
in  this  investigation  were  not  satisfactory,  however,  so 
far  as  their  ability  to  reduce  the  stresses  caused  by  load 
is  concerned.  For  loads  acting  at  joint  corners  Ian 
reductions  in  the  critical  stress  were  obtained,  and  the 
same  is  true  for  loads  applied  directly  over  dowels,  but 
for  other  conditions  of  loading  the  stress  reductions 
generally  were  much  smaller  than  is  desirable. 

Attempts  to  improve  the  doweled  joint  designs 
should  begin  with  efforts  to  increase  their  effectiveness 
in  reducing  the  critical  stresses  caused  by  a  load  placed 
near  the  joint  but  at  a  distance  from  a  corner. 

It  is  indicated  that  the  doweled  transverse  joints  as 
built  and  tested  in  this  investigation  have  the  following 
weaknesses: 

1.  The  individual  units  were  too  widely  spaced. 

2.  The  individual  units  were  not  stiff  enough  effec- 
tively to  transfer  loads  of  the  magnitude  and  under  the 
conditions  involved . 

3.  It  is  difficult  to  obtain  complete  and  perfect 
embedment  of  a  dowel  bar. 

4.  Even  if  perfect  embedment  were  obtained  the 
unit  bearing  stress  on  the  concrete  is  apt  to  be  excessive 
when  heavy  loads  are  applied  on  one  side  of  the  joint. 

The  closest  dowel  spacing  tested  was  IS  inches  and 
if  is  evident  from  the  data  that,  for  dowel  size,  joint 
openings,  slab  thicknesses,  and  loads  of  the  same  general 
order  as  were  used  in  the  tests,  this  spacing  is  too  greal 
It  is  not  possible  to  state,  from  the  test  data,  what  the 
proper  spacing  should  be  in  order  to  make  this  joint 
highly  effective  in  relieving  the  important  edge  stresses. 
The  minimum  spacing  of  dowels  will  be  determined  by 
the  magnitude  of  the  critical  stress  caused  by  a  load 
applied  at  the  joint  edge  at  a  distance  from  a  corner. 
If  the  spacing  is  close  enough  to  control  this  stress 
satisfactorily,  the  stress  conditions  for  a  load  acting 
at  the  slab  corner  will  also  be  satisfactorily  controlled, 
so  long  as  no  resisting  moment  is  allowed  to  develop  in 
the  joint  itself. 

It  has  been  shown  previously  by  some  of  the  load- 
deflection  measurements  that  one  very  important  cause 
of  the  low  efficiency  of  the  doweled  joints  in  controlling 
load  stresses  is  the  lack  of  stiffness  in  the  dowel  itself 
This  suggests  that,  the  size  or  shape  of  the  dowel  should 
he  changed,  that  the  joint-  opening  should  be  decreased, 
or  that  the  bearing  conditions  of  the  dowel  in  the  shah 
should  be  improved  in  order  to  increase  the  resistance 
to  bending  of  the  unit.  Any  great  increase  in  the 
bending  resistance  of  the  joint  is  undesirable  because  il 
reduces  the  ability  of  the  joint  to  relieve  warping  stress, 
one  of  its  most  important  functions.  It  is  necessarv. 
therefore,  to  proceed  cautiously  with  any  changes 
tending  to  increase  joint  stiffness. 

Tests  made  for  the  purpose  indicated  that,  when  the 
concrete  around  the  dowel  is  placed  with  great  care, 
little  or  no  play  between  the  dowel  and  the  concrete 
existed.  It  is  difficult  to  be  certain  that  this  condition 
will  always  be  obtained  in  construction.  Indeed,  it  is 
to  be  expected  that  it  will  not,  unless  unusual  attention 
is  given  to  it.  Furthermore,  although  no  thorough 
study  has  been  made  of  the  effect  of  continued  service 
on  the  seating  of  dowels,  there  is  good  reason  to  belie \  e 
that  such  usage  tends  to  develop  looseness. 
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Under  the  small  deflections  of  pavement  slabs,  con- 
tinued good  bearing  is  essential  if  the  dowels  are  to 
maintain  their  original  effectiveness.  This  suggests  thai 
some  bearing  other  than  that  of  the  concrete  should  bo 
provided  in  order  to  make  the  bearing  conditions  more 
effective  and  permanent.  What  the  best  form  for  such 
a  device  should  be  cannot  be  determined  without  more 
tests.  Certainly  there  are  problems  connected  with  its 
design  which  will  have  to  be  worked  out,  and  tlus  is 
true  also  for  the  other  possibilities  that  have  been 
discussed. 

The  doweled  joint  is  not  an  ideal  type  and  probably 
wdl  never  approach  closely  to  its  theoretical  efficiency, 
but  there  is  little  doubt  that  it  can  be  improved  con- 
siderably by  correcting  its  recognized  weaknesses. 
From  the  information  at  present  available  it  seems 
probable  that  the  greatest  all-around  effectiveness  in  a 
joint  of  this  type  will  be  bad  with  dowel  members  that 
are  not  too  still',  thai  are  spaced  closely  in  a,  joint  that 
is  opened  as  little  as  possible,  and  with  good  bearing  of 
the  dowels  in  the  slabs  insured  through  the  installation 
of  an  effecth  e  dowel  seat. 

FURTHER  INFORMATION  NEEDED  ON   All  ION   OF  VARIOUS  JOINTS 

The  tests  made  with  the  limited  number  of  dowel- 
plate  joints  included  in  this  investigation  indicate  thai 
i his  type  is  quite  effective  in  relieving  warping  stress 
and  in  reducing  the  critical  stresses  caused  by  loads 
acting  near  the  joints.  The  continuous  plate,  as  used 
in  these  tests,  appears  to  control  the  stresses  directly 
under  a,  load  more  effectively  than  round  dowels  at 
any  of  the  spaeings  tested. 

The  tests  showed  that,  the  dowel-plate  joints  offer 
more  resistance  to  expansion  and  contraction  of  the 
slab  than  do  the  joints  containing  the  round  dowels 
regardless  of  their  spacing.  The  concrete  w  as  carefully 
placed  around  the  dowel-plate  covers  at  the  time  of 
construction.  Because  of  the  small  space  between  the 
plate  and  the  subgrade  special  manipulation  was 
necessary  but  a  satisfactory  installation  was  obtained. 
There  can  be  little  doubt  that  the  same  tight  gripping 
of  the  plate  in  its  socket,  which  caused  the  resistance 
to  slab  movement  just  mentioned,  is  responsible  for 
the  effectiveness  of  the  construction  in  reducing  the  edge 
stress. 

Only  two  dowel-plate  joints  were  studied  and  the 
information  developed  leaves  unanswered  a  number  of 
questions,  for  example,  it  is  desirable  to  know  what 
width  and  thickness  of  dowel  plate  will  be  most-  generally 
effective  in  slabs  of  different  thickness.  Also  it  i^ 
desirable  that  means  be  developed  for  effectively  sealing 
the  joint  or  by  other  means  reducing  corrosion  of  the 
dowel  plate  to  a  minimum. 

The  data  indicate  that  the  dowel-plate  joint  has  con- 
siderable merit  and  that  a  more  thorough  study  of  its 
possibilities  is  warranted.  Determination  of  its  effec- 
tiveness after  having  been  in  service  for  some  time 
would  seem  to  be  particularly  important. 

This  investigation  revealed  that  the  weakened-plane 
tranverse  joint  without  dowels  is  not  effective  in  reduc- 
ing the  stresses  directly  under  a  load  acting  near  the 
joint  when  the  joint  is  open  and  may  not  be  effective 
when  the  joint  is  tightly  closed.  It  appears  to  be 
fairly  effective  in  reducing  corner  stresses  when  closed 
but  may  become  very  ineffective  when  open.  The  fact 
that  these  joints  sometimes  do  not  function  effectively 
though  tightly  closed  is  apparent  due  to  an  inclined 
fracture.  The  character  of  the  support  varies  from 
side  to  side  of  the  joint  and  from  point  to  point  along 
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Figure    41.- 


-Plane-of-Weakness    Joints    Designed    to 
Permit  Free  Warping. 


each  side,  being  effective  in  some  places  and  quite 
ineffective  in  others. 

The  weakened-plane  transverse  joint  with  dowel 
bars  spaced  IS  inches  apart  was  found  to  be  much  more 
consistent  in  its  behavior  and  fairly  efficient  in  reduc- 
ing corner  stresses  and  stresses  directly  under  the  load. 
There  is  little  to  indicate  that  aggregate  interlock  can 
be  depended  upon  to  control  the  critical  stresses  caused 
by  load  under  any  conditions  and  this  applies  to  the 
longitudinal  as  well  as  the  transverse  plane-of-weakness 
joints.  It-  appears  (hat  to  control  the  stresses  effec- 
tively and  thus  strengthen  the  joint  edge,  the  same 
type  and  character  of  edge  support  will  be  necessary 
with  a  weakened  plane  of  the  type  tested  as  would  be 
required  with  butt  joints. 

The  weakened-plane  joint  will  control  warping 
stresses  effectively  if  if  is  so  designed  that  a.  resisting 
moment  within  the  joint  cannot-  be  developed.  In  a 
warping  joint,  prevention  of  the  development  of  a 
resisting  moment  may  be  accomplished  in  any  one  of 
three  ways:  (1)  By  preventing  the  steel  dowels  from 
taking  tension  through  a  destruction  of  bond  on  one  or 
both  halves  of  the  dowel;  (2)  by  preventing  the  con- 
crete from  developing  compression  by  separating  the 
two  slab  ends;  or  (3)  by  greatly  reducing  the  length  of 
the  moment  arm  so  that  for  a-  given  joint  deflection  the 
magnitude  of  the  resisting  moment-  is  greatly  reduced 
even  though  the  steel  dowels  take  tension  and  the  con- 
crete surfaces  are  tightly  interlocked. 

Weakened-plane  joints  designed  to  prevent  the 
development  of  large  resisting  moments  during  warp- 
ing are  shown  in  figure  41.  It  should  be-  recalled  that 
the  downward  warping  of  the  slab  edges  normally 
exceeds  the  upward  warping  by  a  considerable  degree,  and , 
further,  that  under  the.  conditions  that  cause  upward 
warping  of  the  slab  edges,  the  concrete  is  in  a  contracted 
state  and  the  joints  are  opened,  the  dowels  being  with- 
out bond. 

In  this  class  only  the  longitudinal  joints  of  sections 
:;,  4,  5,  and  ID  are  considered.  None  of  these  was 
intended  as  an  expansion  joint-  and  none  of  the  designs 
included  in  this  group  could  be  expected  to  function 
satisfactorily  as  an  expansion  joint-  because  the  shape 
of  the  interlocking  elements  is  such  that  separation 
horizontally  is  in  each  case  accompanied  by  a  separation 
vertically  that  would  prevent  effective  load  transfer  by 
the  joint. 

Of  the  four  joints  considered,  only  that  in  section  I 
could  be  expected  to  relieve  direct  (ensile  stress  caused 
by  slab  contraction.  This  joint,  it  will  be  recalled,  had 
a  trapezoidal  tongue  roughly  rectangular  in  shape 
although  there  is  appreciable-  slope  to  the  upper  and 
lower  faces.  \o  dowels  or  tie  bars  cross  the  joint. 
At  the  time-  the  load  tests  were  made  the  joint  was 
opened  slightly  so  that  the  stress  values  obtained 
probably  indicate  the  efficiency  under  critical  condi- 
tions. 

The  joint-  was  found  to  he  fairly  effective  in  reducing 
the  critical  corner  stress,  but,  for  loads  applied  at  t\\v 
joint  edge  at  a  distance  from  the  corner,  the  efficiency 
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Figure  12.     Relative  Displacements  of  the  Various  Parts 
ok  Tongue-and-Groove  Joints  During  Downward  Warp- 

I NG . 

in  reducing  the  critical  stress  is  much  loss  than  it.  \\:is 
found  t<>  1)0  for  the  s;inie  type  of  joint,  held  closed  by 
bonded  stool.  This  undoubtedly  results  from  the 
tendency  for  the  tongue  to  loosen  as  it  is  withdrawn 
from  the  groove  and  indicates  the  necessity  for  de- 
signing a  different  shape  of  tongue  if  this  general  typo 
is  to  be  considered  as  a  contraction  joint.  Although  a 
perfectly  rectangular  tongue  section  would  probably  he 
the  most  effective  design  for  controlling  load  stresses,  it 
would  restrain  warping  and,  probably  to  a  lesser  extent, 
free  horizontal  movement.  It  appears  necessary,  there- 
fore, that  the  shape  of  the  tongue  and  groove  should 
depart  from  the  perfectly  rectangular  form. 

ACTION  OF  TONGUE-AND-GROOVE  JOINTS  DURING  SLAB  WARPING 
DESCRIBED 

Figure  42  illustrates  a  simple  method  for  determining 
graphically  the  relative  movements  of  the  two  sides  of 
three,  designs  of  tongue-and-groove  joints  during  warp- 
ing of  the  slab  ends.  It  is  assumed  that  in  each  design 
the  ends  of  the.  two  slabs  both  above  and  below  the 
tongue  and  groove  have  been  relieved  by  inclining  the 
face  of  the  edge  slightly  as  shown  in  the  section.  The 
point  of  contact  and  probable  center  of  rotation  would 
lie  just  above  the  tongue  during  downward  warping 
and  just-  below  the  tongue  during  upward  warping, 
approximately  as  shown  in  the  figure. 

In  the  first  design  (fig.  42-A)  the  upper  and  lower 
faces  of  the  tongue  are  parallel.  It  is  apparent  that  as 
warping  occurs  the  tongue  will  bind  in  the  groove  and 
will  not  be  able  to  take  the  position  that  it  would  as- 
sume if  unrestrained  warping  were  to  be  permitted. 
Restraint  is  developed  that  will  cause  undesirable 
warping  stress  in  the  slabs  near  the  joints  and  high 
local  stresses  in  the  elements  of  the  joint  itself. 

Tn  the  second  design  (fig.  42-B)  there  is  considerable 
slope  to  both  the  upper  and  lower  faces  of  the  tongue 
When  warping  occurs  there  is  a  tendency  for  these 
laces  of  the  tongue  and  groove  to  separate,  depriving 
the  joint  of  its  ability  to  transfer  load  dining  small 
deflections. 

Figure  42-  C  shows  a  section  modified  in  accordance 
with  the  preceding  discussion.  The  upper  and  lower 
surfaces  of  the  tongue  have  been  shaped  so  that-  neither 
excessive  bearing  pressures  nor  loss  of  contact  should 
occur  dining  slab  warping.      It  is  emphasized  that  this 
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Figure  t:i.     Relative  Displacements  of  the  Various  Parts 

ov  Two  Triangular  Tongue-and-Groove  .Joints   Durinc 
Downward  Warping. 

design  is  only  a.  suggested  application  of  the  results 
of  these  tests  and  should  be  given  an  experimental 
verification  before  being  recommended  as  a  design 
suitable  for  contraction  and  warping  joints. 

Figure  43  is  a  similar  study  of  the  triangular  shape 
for  tongue-and-groove  joints.  For  the  assumed  con- 
ditions it  appears  that  if  the  depth  of  the  tongue  "d" 
is  greater  than  approximately  one-half  of  its  height 
"h",  warping  will  cause  high  local  bearing  stress  near 
the  end  ot  the  tongue  (fig.  43-A),  while  if  the  depth  is 
less  than  about  one-half  the  height,  separation  will 
occur  as  the  slabs  bend.  This  analysis  indicates  and 
the  test  data  show  that  the  triangular  tongue  and 
groove  is  likely  to  be  less  satisfactory  during  contraction 
or  warping  than  the  modified  rectangular  forms. 

For  the  reasons  just  discussed  in  connection  with 
the  joints  shown  in  figures  42  and  43,  it  is  apparent 
that  the  corrugated  plate  used  in  the  longitudinal  joint- 
in  sect-ion  10  would  be  unsatisfactory  as  a.  contraction 
joint  and  would  be  less  satisfactory  than  the  modified 
rectangular  tongue  as  a  joint  for  the  relief  of  warping 
stress.  It  is  probable,  however,  that  because  of  the 
many  possible  points  of  contact  and  lack  of  sharp 
corners,  it  will  not  be  so  likely  to  develop  high  local 
bearing  stress  as  either  the  perfectly  rectangular  tongue 
or  the  deep  triangular  shape  during  warping. 

The  tongue-and-groove  types,  as  a  class,  have  been 
shown  to  be  quite  effective  when  constructed  and 
tested  in  the  manner  described.  The  preceding 
discussion  was  intended  to  bring  out  the  weak  points 
of  the  designs  in  order  that  means  may  be  found  for 
improvements  that  will  add  to  both  the  structural 
effectiveness  and  the  durability  of  the  joints. 

The  doweled  transverse  joints  are  not  considered  to 
be  butt-type  joints  because  of  the  wide  joint  opening. 
Only  the  four  longitudinal  butt-type  joints  found  in 
sections  1,  2,  8,  and  9  will  be  discussed.  They  are 
primarily  joints  for  the  relief  of  warping  stress,  being 
unable,  to  function  either  as  expansion  or  contraction 
joints  because  of  the  bonded  dowrels.  Four  different 
dowel  spa.oings  were  used  as  was  shown  in  figure  7.  As 
staled  earlier,  it  was  not  possible  to  determine  the. 
effectiveness  of  all  of  these  joints  in  reducing  corner 
stresses  because  a.  number  of  them  were  in  thickened- 
edge  slabs,  but   all  of  them  were  tested  to  determine 
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their  efficiency  in  reducing  the  stresses  directly  under 
the  load  when  the  load  was  applied  along  the  edge 
but  away  from  a  corner.  The  results  of  these  tests 
have  been  shown  in  table  11  and  in  figure  34  of  this 
paper.  The  one  joint  of  this  type  on  which  it  \v;is 
possible  to  make  such  determinations  was  found  to  be 
effective  in  reducing  critical  stresses  for  the  corner 
loading. 

PREVENTION   OF   RESISTING    MOMENT  NECESSARY   IN    DESIGN    OF 
BUTT-TYPE  JOINTS 

So  far  as  dowel  spacing  is  concerned,  butt-type 
longitudinal  joints  can  be  made  more  effective  in  their 
function  of  controlling  load  stress  by  the  close  spacing 
of  dowels  in  the  same  manner  as  expansion  joints. 
In  the  matter  of  dowel  stiffness  the  situation  is  differ- 
ent, however,  because  the  small  opening  between  slabs 
greatly  reduces  dowel  flexure,  as  was  shown  by  all  of 
the  deflection  data  for  these  joints,  ft  is  probable 
that  in  longitudinal  joints  of  the  butt  type  the  need 
for  better  bearing  for  the  dowels  is  as  great  as  in  the 
doweled  expansion  joint  and  that  the  same  general 
type  of  bearing  should  be  provided. 

If  restraint  to  warping  is  to  be  eliminated,  it  is  neces- 
sary to  make  some  provision  for  preventing  the  edges 
of  the  abutting  slabs  from  being  pressed  together  dur- 
ing warping,  particularly  near  the.  upper  and  lower 
surfaces  of  the  slabs.  This  can  be  accomplished  bv 
the  introduction  of  n  compressible  layer  between  the 
edges  during  construction,  as  was  done  in  the  ease  of 
the  test  slabs,  or  perhaps  better  by  so  shaping  the  slab 
edges  that  the  necessary  clearance  will  be  provided  in 
a  manner  similar  to  that  suggested  in  connection  with 
the  plane-of-weakness  joints. 

The  amount  of  steel  that  must  be  placed  in  a  warping 
joint  in  order  to  hold  the  slab  edges  together  depends 
primarily  upon  the  amount  of  resistance  to  horizontal 
movement  to  be  overcome  and  upon  the  unit  stress 
permissible  in  the  steel. 

In  joints  that  contain  bonded  si  eel  the  use  of  designs 
that' do  not  permit  large  resisting  moments  to  develop 
in  the  joint  is  desirable  for  two  reasons.  In  the  first 
place,  the  prevention  of  these  moments  relieves  the 
concrete  of  the  stresses  arising  from  warping  rest  rain  I 
and  thus  conserves  its  strength  for  load-carrying  pur- 
poses. In  the  second  place,  the  prevention  of  these 
moments  will  further  protect  the  pavement  structure 
by  preventing  the  steel  in  the  bonded  dowels  or  tie- 
bars  from  being  overstressed  in  tension. 

The  amount  of  bonded  steel  likely  to  be  used  across 
a  longitudinal  joint  will  be  sufficient  to  prevent  large 
separations  of  the  two  slab  edges  during  contraction, 
but  will  be  insufficient  to  prevent  some  separation  of 
the  slab  edges  resulting  from  angular  change  during 
warping.  Indeed  it  is  desirable  that  the  amount  of 
restraint  to  these  rotational  movements  during  warping 
be  kept  as  small  as  possible.  A  given  temperature 
differential  in  the  pavement  tends  to  cause  a  given 
rotational  movement  of  the  abutting  faces  at  the  joint 
If  this  rotation  brings  the  concrete  into  tight  contact, 
it  develops  compression  in  the  concrete  and  this  tends 
to  separate  the  slab  edges  by  a  certain  amount  at  the 
plane  of  the  steel.  For  a  given  percentage  of  steel 
taking  tension,  the  magnitude  of  the  tensile  stress 
developed  in  the  steel  when  this  given  separation 
occurs  will  depend  directly  upon  the  effective  length 
of  the  steel  that  is  yielding  under  the  tension. 

If  the  bond  is  deliberately  prevented  for  a  lew  inches 
in  the  center  of  the  bar,  as  for  example,  with  a  coating 


of  bitumen,  more  bar  length  would  be  available  to 
yield  under  the  given  force.  The  unit  deformation  in 
the  critical  section  of  the  bar  would  be  smaller,  and 
the  stress  would  be  correspondingly  reduced.  The  net 
result  would  be  less  restraint  in  the  joint  for  a  given 
temperature  differential  and  a  given  percentage  of 
steel.  Furthermore,  such  a  coating  would  protect 
from  corrosion  the  most  vulnerable  part  of  the  bar. 7 

With  designs  that  will  permit  resisting  moments  to 
develop  during  warping  it  is  not  possible  to  calculate 
the  amount  of  steel  required,  but  with  these  moments 
eliminated  the  calculation  becomes  a  relatively  simple 
matter. 

In  the  discussion  of  joints  in  this  article  there  has 
been  presented  (1)  a  brief  history  of  joint  development, 
up  to  the  time  at  which  this  investigation  was  planned; 
(2)  a  description  of  the  joints  that  were  studied  and  of 
the  manner  in  which  they  were  tested;  (3)  a  presenta- 
tion and  discussion  of  all  pertinent  data  bearing  upon 
(he  ability  of  the  various  joint  designs  to  relieve  the 
stresses  caused  by  expansion,  contraction,  restrained 
warping,  and  applied  load;  and  (4)  a  discussion  of 
certain  improvements  in  design  suggested  bv  the  results 
of  t  he  tests. 


CONCLUSIONS 


The  following  statements  give  what  are  believed  to 
be  the  most  important  conclusions  to  be  drawn  as  a 
result  of  this  study: 

1.  Joints  are  installed  in  concrete  pavements  for  the 
purpose  of  conserving  the,  natural  llexural  strength  of 
the  slab  for  its  primary  function  of  carrying  loads. 
This  is  accomplished  through  the  relief  and  control  of 
the  stresses  caused  l>\  expansion,  contraction,  and 
restrained  warping.  Joints  in  concrete  pavements 
should  therefore  be  so  designed  and  so  spaced  as  to 
permit,  the  entire  pavement  to  expand,  contract,  and 
warp  with  a  minimum  of  restraint. 

2.  While  the  proper  spacing  of  joints  to  accomplish 
this  end  was  not  definitely  determined  by  this  investi- 
gation, it  is  indicated  that  joints  to  control  warping 
should  be  spaced  at  intervals  of  the  general  order  of 
10  feet,  that  expansion  will  be  satisfactorily  cared  for 
by  suitable  joints  at  intervals  of  approximately  100 
feet,  and  that  contraction  joints  should  be  installed 
at  some  lesser  interval,  the  length  of  which  must  be 
such  that  the  direct  tensile  stresses  in  the  concrete  are 
definitely  limited  to  low  values  Data  presented  in 
the  second  report  of  this  series  indicate  that  under 
the  conditions  of  these  tests  a  slab  length  of  the  order 
of  30  feet  would  accomplish  this. 

3.  Since  a  free  edge  is  a  structural  weak  spot  in  a 
slab  of  uniform  thickness,  it  is  necessary  to  strengthen 
the  joint  edges  by  thickening  the  slab  at  this  point  or 
by  the  introduction  of  some  mechanism  for  transferring 
a  part  of  the  applied  load  across  the  joint  to  the 
adjacent  slab.  Otherwise,  the  strength  of  the  joint 
edge  will  determine  the  load-carrying  capacity  of  the 
pavement. 

4.  The  structural  effectiveness  of  a  joint  design  is 
measured  by  its  ability  to  reduce  the  critical  edge 
stress  to  a  value  equal  to  the  critical  stress  which 
exists  in  the  interior  area  of  the  slab. 

5.  The  most  critical  stress  caused  by  a  load  applied 
at  a  joint,  but  away  from  a  corner  is  that,  directly  under 
the  load  in  a  direction  parallel  to  the  joint.  It  is 
especially  desirable   to  control    these  stresses   along   a 

'  The  i<le.;i  of  costing  the  midsection  of  bonded  bars  with  bitumen  was  suggested 
by  Mr.  Bengl  Friberg 
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longitudinal  joint  so  as  to  limit  the  combined  load  and 
warping  stress  to  a  value  that  will  be  unlikely  to  cause 
I  ransverse  cracking. 

8.  The  most  critical  stress  caused  by  a  load  applied 
at  the  free  corner  of  a  slab  of  constant  thickness  is  a 
tensile  stress  along  the  bisector  of  the  corner  angle  and 
at  some  distance  from  the  center  of  load  application. 
Edge  thickening  reduces  this  critical  stress  considerably 
and  at  interior  coiners  the  action  of  the  longitudinal  and 
transverse  joints  frequently  reduces  the  critical  corner 
stress  to  relatively  low  values. 

7.  There  is  nothing  in  the  results  of  these  tests  to  in- 
dicate that  edge  thickening  cannot  be  applied  to  the 
transverse  edges  of  concrete  pavement  slabs  with  as 
much  success  as  to  the  longitudinal  edges  If  the  full 
benefits  of  edge  thickening  are  to  he  obtained  in  either 
case,  the  slabs  must  be  short. 

8.  The  doweled  t  ransverse  joints  tested  in  this  investi- 
gation were  found  to  be  (pule  effective  in  relieving  the 
stresses  caused  by  expansion,  contraction,  and  warping. 
They  were  not  particularly  effective,  however,  in  con- 
trolling the  critical  stress  caused  by  a  load  applied  near 
I  he  joint  edge. 

9.  The  tests  indicate  that  doweled  joints  as  they  are 
usually  designed  are  deficient  in  two  important  respects: 

a.  The  individual  units  are  not-  sufficiently  close- 
together  to  control  effectively  the  stress  developed 
directly  under  the  load. 

b.  For  joint  openings  such  as  are  usually  em- 
ployed in  expansion  joints,  the  individual  dowels 
are  not  sufficiently  stiff  to  transfer  load  effectively. 
Increasing  the  stiffness  of  the  dowels  will  result  in 
an  undesirable  increase  in  the  restraint  to  warping 
offered  by  the  joint  and  for  this  reason  should  not 
be  carried  too  far. 

10.  The  continuous  plate  key  or  dowel  plate  as  used 
in  these  tests  appeai-s  to  have  considerable  merit  as  a 
means  for  load  transfer.  The  joint  as  built  for  the  tests 
offers  more  resistance  to  expansion  and  contraction  than 
is  desirable  and  for  this  and  other  reasons  it  is  believed 
that  a  further  study  of  the  type  should  be  made 

If.  Aggregate  interlock  as  it  occurs  in  the  weakened- 
plane  joints  cannot  be.  depended  upon  to  control  load 
stresses.  Even  when  joints  of  this  type  are  held  closed 
by  bonded  steel  bars  there  is  a  wide  variation  in  the 
value  of  the  critical  stress  caused  by  a  given  load,  from 
side  to  side  of  the  joint  and  from  point  to  point  along 
it.  For  this  reason  it  appears  necessary  to  provide 
independent  means  for  load  transfer  in  plane-of -weak- 
ness joints. 


12.  The  joints  of  the  tonguc-and-groove  type  that 
were  held  closed  by  bonded  steel  bars  were  found  to  be 
the  most  efficient  structurally  of  any  of  those  tested. 
It  appears,  however,  that  certain  modifications  of  the 
designs  might  improve  their  action  by  permitting  the 
slabs  to  warp  more  freely  and  at  the  same  time  main- 
taining the  bearing  between  the  tongue  and  the 
groove. 

13.  It  was  shown  in  the  second  report  of  this  series 
that  over  a  considerable  period  of  time  there  may  be  a 
permanent  increase  in  the  length  of  the  pavement  slab. 
In  designing  the  expansion  joints  for  a  pavement,  con- 
sideration should  be  given  to  this  possibility  and  some 
allowance  made  for  it. 


PUBLICATION  ON  HIGHWAY  BONDS  AVAILABLE 

Highway  Bond  Calculations,  by  Laurence  I.  Hesse- 
and  James  \V.  Glover,  has  recently  been  published  by 
the  United  States  Department  of  Agriculture.  This 
publication  consists  of  selected  sections  of  Department 
Bulletin  136,  Highway  Bonds,  as  published  in  1917,  the 
supply  of  which  has  been  exhausted  for  some  years. 

Sinking-fund,  serial,  and  annuity  bonds  are  described 
in  detail  and  their  relative  merits  are  compared.  Defi- 
nitions of  the  terms  involved  are  given,  together  with 
explanations  and  derivations  of  essential  formulas. 
Numerous  examples  of  typical  problems  and  their  solu- 
tions are  presented.  Several  tables  to  seven  decimal 
places  for  GO  intervals  and  14  interest  rates  are  included, 
making  the  publication  a  useful  reference  in  making 
bond  calculations. 

Copies  of  Highway  Bond  Calculations  may  be  pur- 
chased from  the  Superintendent  of  Documents,  Govern- 
ment Printing  Office,  Washington,  D.  C,  for  10  cents 
each. 


HIGHWAY  RESEARCH  BOARD  TO  MEET 
IN  NOVEMBER 

The  August  1930  issue  of  Public  Roads  carried  on 
page  127  a  notice  of  the  Sixteenth  Annual  Meeting  of 
the  Highway  Research  Board.  The  notice  was  in- 
correctly headed  "Highway  Research  Board  to  meet 
in  December."  As  stated  in  the  text  of  the  notice, 
this  meeting  will  be  held  in  Washington,  D.  C,  Novem- 
ber 18-20,  1930. 
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DISPOSITION  OF  STATE  MOTOR- 


ICompiled  from  reports  of  State  authorities! 


Alabama 

Arizona.. 

Arkansas 

California .... 

Colorado 

Connecticut 

Delaware  . 

Florida 

Georgia .. 

Idaho 

Illinois 

Indiana 

Iowa. 

Kansas 

Kentucky 

Louisiana. 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey. 

New  Mexico 

New  York  2« 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina. 

South  Dakota.. 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West  Virginia... 

Wisconsin. .... 

Wyoming 

District  of  Columbia 


Total 


Net  total 

receipts  of 

calendar 

year' 


225,917 
024,  187 
776,  558 
442, 897 
445, 027 
849,  344 
187,  526 
289,  940 
304,  590 
853,  529 
214,657 
345, 642 
027,  166 
546,816 
055, 386 
909,  880 
478, 037 
291, 124 
951,999 
847, 905 
845,  376 
859,  840 
681,  550 
596,  007 
587,  606 
890,  589 
795,  988 
787, 710 
555,  614 
627,  570 
050,  545 
218,659 
656,  775 
820,  684 
215,041 
356,  395 
031,526 
745,565 
784,216 
104,099 
936,718 
489,515 
942,  139 
496,  831 
881,753 
612,752 
345,  625 
768,  243 
132,  OOS 


Adjust- 
ments due 

to  un- 
distributed 
balances, 
etc2 


-$70 


429 

484 

-  62 

934 

16 

811 

-144 

415 

6,315 

-105 

-23,202 

128,210 

30,  000 

-39,  249 

-43.  505 

-3,785 

-526,420 


58,  227 

-812,747 

-1,040 

-8.929 

- 147,  804 


Net  total 

funds  dis- 

distrib- 

nted  3 


564,885,066 


"  5,  376.  537 
191.710 


-3,  659 

-1,578,834 

382,  606 

-26.674 

J"-4,  786.  128 


-10,579 
-84,  352 
-240,960 
-164,444 
224,  699 
-237,389 
10,  666 


2,  599,  606 

-46,  246 

-206,871 


$9,  225. 847 
3,024,187 
S  2116,1112 

36.  379,  963 
6,  461, 838 
4,  704,  929 

1,  187.526 
16,  296,  255 
14,304,485 

2,830,32; 
29,  342,  867 
17,375,642 
10,987,917 
8,  503,  311 
9,051,001 
8,  383,  460 

4,  478, 037 

8,  291, 124 
16,951,999 
20,  906, 132 
10,032.629 

6,  858,  800 

9,  672,  621 
3,  448,  203 
8,  587.  606 

890,  589 

2,  795.  988 
22,  164,  247 

2,  747,  324 
43,  627,  570 
17,050,545 

2,215,000 
30,077,941 
11,203,290 

7,  188,  367 
28,  570,  267 

2,031,526 
7,  734.  986 

3,  699,  864 
13.863,  139 
31,772.274 

2.714.214 
1,704,750 
12,507,497 
11,881,753 

5,  612,  752 
17,945,231 

1,721,997 
1.925,137 


Expenses 
of  col- 
lection 
nnl  ad- 
minis- 
tration 


254,530  565,139.596  3.644.554 


■1  I.0O3 
40,  369 
269,  491 
139.  112 
S3.  318 
34.014 

16,645 

412,842 

10,628 

148,519 
72.  642 
87,  830 

280,  746 
45.  057 
61,000 
11,772 
17,300 
50,  000 

144,757 
(>») 

28,  834 
49,  180 
20,  488 
85,  760 

(21) 
(22) 

48,  355 
41,220 
90,652 
6, 094 

.'■ 

177,017 
216,414 

22.  400 
235.  391 

(3!) 

('0 
38,  255 

1 42.  XII 
224,  259 

(14) 

2,  000 

■  164,160 
19,642 
12,663 
16,080 
7.  834 
(") 


For 
other  ad- 
minis- 
trative 
pur- 
poses < 


$77, 553 


For  State  highway  purposes 


Construc- 
tion, main- 
tenance, 
and  ad- 
ministra- 
tion » 


$2,180,231 

1,  702.  770 

2,  529,  328 
24,  160.  567 

3,  161,  020 

4,  670,  915 
835,  037 

6,  943,  560 
9,  202,  722 
2,517,209 

7,  950, 862 
8,651,500 
2,  537,  242 
4,850,122 
9,  003,  333 


90,  000 

lis,  2711 


21.556 


14,214 
27,"325' 


328,  924 


2,  758, 802 

2,  060,  078 

3,  723,  746 
9,  902,  072 

6,  242,  404 

3,  604,  421 
5, 108,  581 
2.384,163 
5,  313,  653 

862,  071 
2,  069,  029 

7,  265,  174 
1,089,295 
5, 152,  503 

5.  546,  648 
1,355,988 

15,082,308 
5, 154,  528 
3,248,815 

21,672,868 

1,443,728 

747.  298 

1,681,277 

2,  704,  867 

15,774,007 

2,  619,  700 

415,  648 

6,  590,  047 

4,  850,  426 
2, 165,  984 

8,  708,  953 
1,159,938 


State 
highway 
police  8 


$24,  030 
68,076 


82,  251 
38,  168 


63,  376 
3,211 


92, 788 
"171,610 


Service  of  State  highway  obligations 


State 

highway 

bonds 


$2,  406, 968 


1,911,151 


99, 133 


214,  304 


State- 
assumed 
local  obli- 
gations ' 


$1,  261,  393 


171, 105 
2,  322, 169 


6,  540,  484 
1,105,835 
1,327,722 
254,  733 
4, 082,  060 


138,  975 
25, 192 
113,736 


249,  345,  438 


1,000 


77,  342 

2.012 

254. 1 10 


IW6,  2X7 
702,  798 


80,300 


28,  372 


2,  163,  634 


4,  302,  848 
1,043,552 


705,  392 
7,  543.  463 
1,616,809 
3,  627,  281 
6,  313,  892 


2.  525,  248 

3, 088,  321 

301,876 

864,  372 


220,  444 


303,816 
264,011 


2,  664,  352 
"1 12,"  000 


53,  440,  067 


3,  556.S45 
702,  503 


27,  518 


321,  187 


Notes 
and  other 
short- 
term 
loans 


$2,  406,  968 


$926.  775 


Total 


4,  099,  319 


270,  238 
2,  322. 169 


214,  304 


3.  .r.',6,  S45 
702.  503 


6.  54(1.  1X4 
1,  105,  835 
1,327,722 
254,  733 
4,  082,  060 


4,  302,  848 
1,043.552 


102,000 


4,  690,  837 


1,932,685 

7,  887,  004 


2,112,075 


24,991,321 


135.  552 


2,092,  143 


3,  256,  470 


Total  for 

State 
highway 
purposes 


27,  518 
705, 392 
7,  543,  463 
1,616,809 
3,  627,  281 
6,  635,  079 
102,  000 


2.  525,  248 

3,  USX,  321 
301,876 

5,  696,  761 


4,  245,  272 
7,  887,  004 


303,  816 
264,011 


2,  664,  352 

2,112,075 

112,  (KM) 


S1.0.S7..X58 


$4,611,229 
1,770,846 
6,  628,  047 

24. 160,  567 
3.  151,020 
4.670,915 
1,187.520 
9,303,897 
9,  202.  722 
2.731.513 

7,95(1,  Ml.' 
8.651.500 
6,  094.  087 
5,616.001 
9.  006,  544 
6,  540,  484 
3,  957.  425 
3.  387,  800 
4,150,089 

13,984,  132 
6,381,379 
3,629.613 
9,525,165 
3,  427,  715 
5,313.653 
890,  589 
2,  774,  421 

14,808,637 
2,706,104 
8.  779.  784 

12,259,069 
1,460.000 

15,336,418 
5,154.528 

5,  970,  350 
25, 463,  987 

1,745,604 

6.  444, 059 
1,681,277 
6,950,139 

23,661,011 
2,  700,  000 
719,  464 
6.  S.-,t,ll.-,x 
4, 850, 426 
4, 830, 336 

10,821,028 
1,300,310 


333,  196.  930 


1  Amounts  tabulated  in  this  column  differ  from  totals  given  in  a  previous  table  issued  by  the  Bureau— State  motor-fuel  tax  earnings,  1934,  as  actual  rolled rather 

than  earnings  of  the  calendar  year  are  shown. 

'  In  many  States  amounts  distributed  during  the  calendar  year  differ  from  actual  collections  because  of  undistributed  balances  carried  over  and  lags  between  accounts  of 
collecting  and  expending  agencies.  Proceeds  of  tax  on  gasoline  used  in  aviation  in  Idaho,  Michigan,  Oregon,  and  Wyoming  have  been  deducted  as  not  being  highway  user 
taxes;  also  tax  on  nonhighway  fuel  in  Ohio. 

3  In  many  States  the  proceeds  of  motor-fuel  taxes,  motor-vehicle  fees,  and  motor-carrier  taxes  are  placed  in  a  common  fund  from  which  the  distribution  is  made.  In  these 
cases  the  amounts  distributed  have  been  prorated  in  proportion  to  the  receipts,  not  otherwise  dedicated,  from  these  three  sources  of  revenue.    See  tables  pp.  193,  196,  and  197. 

'  Where  reported  separately  from  collection  expenses,  funds  allotted  for  expenses  of  motor-fuel  inspection,  administration  of  motor  vehicle  department,  and  regulation  of 
motor  vehicles  are  shown  in  this  column. 

5  Includes  funds  allotted  for  expenditure  on  urban  extensions  of  State  highway  system,  where  reported  separately  from  other  funds  allotted  for  local  roads  and  streets. 

8  In  cases  where  expenses  of  State  highway  police  are  paid  out  of  State  highway  funds  without  specific  allocations,  expenditures  for  this  purpose  have  been  prorated  in 
proportion  to  receipts  not  otherwise  dedicated.    See  tables  pp.  193,  196,  and  197. 

7  County  or  local  obligations  assumed  by  State  as  reimbursement  for  local  roads  added  to  State  system. 

8  In  States  indicated  by  star  (*)  the  law  provides  that  allotments  for  work  on  local  roads  or  streets  may  also  be  used  for  service  of  local  highway  obligations,  but  amounts 
so  used  were  not  reported  separately. 

8  In  a  number  of  States  allotments  for  local  road  work  may  be  used  on  city  streets.    This  column  shows  allotments  which  were  reported  separately. 
111  F.xcept  as  noted,  to  State  general  funds  for  nonhighway  purposes.    Payments  to  county  or  municipal  general  funds  may  have  been  distributed  in  part  for  highu  i; 
I  nit  amounts  were  not  reported. 

ii  Law  in  effect  in  1934  provided  that  in  counties  of  less  than  18,000  population,  20  percent  of  the  allotment  could  be  used  for  schools.     Amount  so  used  not  reported 

i  or  engineering  expenses  in  connection  with  irrigation. 
"  Funds  allotted  to  counties  for  use  on  both  State  and  local  roads. 
"  Paid  out  of  general  revenue.    Amount  not  reported, 
is  For  Dade  Memorial  Park,  $365:  Division  of  Airways,  $8,842. 
'"  For  construction  of  prison  camps. 

<~  To  ports  of  New  Orleans  and  Lake  Charles  Harbor  for  harbor  improvement 
>8  To  Conservation  Department  for  oyster  propagation,  in  consideration  of  fuel  las  paid  by  motor  work  boats,  $75, (MX),  to  ( 'hesapeake  Bay  ferry  companies.  $35,040. 
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FUEL  TAX  RECEIPTS,  1 934 


[Compiled  from  reports  of  State  authorities] 


For  local  roads  and  streets  8 

For  other 
highway 
purposes 
(park  and 
forest,  roads, 
etc.) 

For  nonhighway  purposes 

For  work 

on  county 

and  local 

roads 

For  work 
on  city 
streets  • 

Service 
of  local 

highway 
obligations 

Total 

To  general 
funds  '» 

For  relief 
of  unem- 
ployment or 
destitution 

For  edu- 
cation 

For  other 
purposes 

Total 

State 

»  $4,600,615 

•906,  932 

966,  476 

♦12,  080,  284 

»  1,  508,  500 

$4,600,615 
906, 932 

1,118,500 
12,  080,  284 

1,508,500 

Alabama. 

Arizona. 

Arkansas. 

California. 

Colorado. 

Connecticut. 

Delaware. 

Florida. 

Georgia. 

Idaho. 

Illinois. 

Indiana. 

Iowa. 

Kansas. 

Kentucky. 

Louisiana. 

Maine. 

Maryland. 

Massachusetts. 

Michigan. 

Minnesota. 

Mississippi. 

$302,310 
189,  404 

"  $3,  73C 

$306,  040 
189,  404 

$152,  024 

1,719,000 

1,719,000 

4,  644,  337 

4, 644,  337 
2,301,013 
Ss,  186 
13,  128, 145 
8,651,500 
4, 806,  000 
2,  529,  01 1 

$2, 322, 169 

'«  9.  207 
i«  2,  225 

2,331,376 
2,  387,  908 

2,301,013 

88,186 

'6,173,917 

6,921,200 
*4,  806,  000 

2,529,011 

$2,  385,  683 

*$6,  954,  228 
1,  730,  300 

1,810,880 

6,  304,  401 

8,115,341 

890, 988 

"890,988 

1,  781, 976 

508, 840 
1,377,151 
2,  237,  374 
♦6,  772,  993 
*3,  651,  250 
•2,845,819 

508, 840 
4,  763,  021 
2,  237,  374 
6,  772,  993 
3,651,250 
2,  845,  819 

2,397,517 

988, 356 

12,  960 

10,  000,  000 

4,  250 

'8  110,040 

123,  000 

10,  000,  000 

4,250 

$514, 536 

m  264,  534 

264,  534 

Montana. 
Nebraska. 

♦2,  870,  491 

317,  702 

3,188,  193 

2'  21,  567 
753,  249 

21,567 
:!.  130,692 

New  Hampshire. 
New  Jersey. 

2,  377,  443 

3,182,813 

132    iOO 

Mil.  250 

4,  176,563 

*7,  949,  377 

2»  3,  382,  986 

730,  000 

M  6,  695,  750 

*2,  651.  067 

*1, 186,  604 

•2,  472,  490 

7.  949,  377 
3,382,986 

730,  000 

11,478,710 

2,651,067 

1,186,604 

2,  726,  988 

'       i 
1,380,840 

•JI7,757 
1,380.  Mil 

»  4,  782,  960 

9,  085,  796 

9,  085,  796 
3,  181,281 

<  Ihio 

20  3,181,281 

9.013 

70.  481 

Oregon. 
Pennsylvania. 

254,  498 

si  73,  420 

285,  922 

285,  922 

*  1,290,927 

1,290,  92; 

33  I,  907,  073 

34  2,  193,917 

1,907,073 
2,781,250 
7,887,004 

3, 988,  939 

3,  988,  939 

268,343 

318,990 

7,887,004 

983,  286 

3';5,435,  891 

*fi,  063,  628 

28  769,  753 

3,  378,  440 

413,853 

983,  286 
5,435,891 
6,063,628 

769,  7.r.:s 
3,  878,861 

413,853 
1,925,  137 

11.732 
3"  948,057 

14,331 

26  06o 
948,  057 

Virginia. 
Washington. 

500,  421 

36,  295 

3»3,  162,967 

3,  162,  907 

1,925,  137 

112,916,486 

18,  862,  763 

6,  559,  533 

138, 338,  782 

703,  584 

13,959,  286 

8,  769,  108 

26,  886,  432 

9,311,996         88,926.822 

Total 

"  Paid  out  of  general  revenue,  $173,984. 
21  For  service  of  general  State  debt. 

21  Paid  out  of  general  revenue;  estimated  expense,  $2,696. 

22  Included  with  expenses  of  motor  vehicle  department.     See  following  table 

21  Pro  rata  share  of  $44,638  paid  for  interest  on  highway  relief  bonds,  a  State  obligal  ion  issued  for  improvement  of  local  roads. 

*'  Return  of  loan  made  to  sinking  fund  in  1933  from  motor-fuel  tax  funds. 

2»  For  service  of  institution  construction  bonds.  $326,475;  reserve  for  service  of  unissued  bonds,  $211,775;  to  Department  of  Commerce  and  Navigation,  $90,000. 

20  General  fund  appropriations  for  highway  purposes  have  been  credited  against,  payments  of  motor-fuel  tax  and  motor-vehicle  fees  to  the  State  general  fund,  and  prorated 
in  proportion  to  net  receipts  not  otherwise  dedicated.  See  following  table.  General  fund  appropriations  for  State  police,  $2,223,955,  are  not  included,  as  amount  assignable 
to  highway  traffic  purposes  was  not  reported 

2'  Includes  the  following:  Emergency  1-cent  tax  to  State  general  fund,  $14,542,523;  net  to  State  general  fund  after  crediting  expenses  for  highway  purposes,  $10,810,945;  to 
general  fund  of  New  York  City,  $1,454,289. 

2»  For  county  roads  under  State  control. 

29  Under  law  effective  in  1934  all  or  any  portion  of  county  and  municipal  allotments  could  be  expended  for  work  or  poor  relief.  Amount  so  expended  not  reported.  In 
cities  situated  on  State  highways  one-sixth  of  municipal  allotment  to  be  used  on  urban  extensions  of  State  system. 

30  In  addition  to  the  change  in  undistributed  balances  this  adjustment  includes  arm  unit  of  loan  from  liquid-fuel  tax  fund  to  general  funds  for  relief  purposes.  $1,650,000,  and 
pro  rata  share  of  similar  loan  from  motor  license  fund,  $1,705,704.     Law  provides  thai  these  loans  shall  be  repaid;  they  arc  therefore  not  included  in  the  distribution. 

31  To  Bureau  of  Aeronautics,  $26,782;  cooperative  work  other  State  departments,  $46,638. 

32  Paid  out  of  motor-vehicle  fees,  $15,315. 

33  To  rural  credit  bond  and  interest  fund. 

34  For  service  of  general  fund  bonds,  $1,994,470;  service  of  Great  Smoky  Mountain  Park  bonds,  $199,447. 

35  Appropriation  for  part  of  expenses  of  Division  of  Motor  Vehicles,  which  collects  the  motor-fuel  tax. 

36  For  county  roads  under  State  control  in  all  but  three  counties,  $5,232,575;  transferred  to  remaining  three  counties,  $203,316. 

37  For  aviation  purposes. 

38  For  service  of  $10,000,000  emergency  relief  bond  issue,  of  which  approximately  $1,000,000  has  been  assigned  to  the  State  Highway  Department  for  road  work. 

31  Includes  the  following:  To  State  general  fund,  $1,000,000;  to  towns,  cities,  and  villages  in  lieu  of  personal  property  tax  formerly  imposed  on  motor  vehicles,  $2,162,967. 
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DISPOSITION  OF  STATE  MOTOR- 


[i  'ompiled  from  reports  of  State  authorities] 


State 


Alabama 

Arizona 

Arkansas 

California 

Colorado.-. 

Connecticut 

Delaware..    

Florida 

Georgia 

Idaho.      .     

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana.. 

Maine..- 

Maryland 

Massachusetts 

Michigan 

Minnesota.. -_. 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York  2» 

North  Carol i  i 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island. .- 

South  Carolina 

South  Dakota 

Tennessee 

Texas 

Utah 

Vermont-. 

Virginia 

Washington 

West  Virginia 

Wisconsin- 

Wyoming 

District  cfColumbia. 


Total....  1110,511.876 


Net.  total 
receipts  of 
calendar 

year  ' 


583,  6S0 
750,  246 
233,  032 
561,100 
148,657 
047,  601 
906,612 
465,  768 
102,854 
561,216 
284,  195 
200.  187 
475, 978 
277,  035 
152,115 
379,  926 
006,  369 
856,  497 
070,  766 
901,018 
866,  573 
950,  393 
374,482 
070,  797 
so:.,  889 
248,387 
469,  950 
975,  593 
843,  382 
628, 954 
114,171 
299,126 
273,  129 
524,  084 
248,  715 
795,312 
279,  178 
138,  480 
313,813 
440,  904 
719,736 
965,  601 
157,314 
948,613 
065,  882 
623,  924 
050,  770 
148,012 
605,  300 


Adjustments 
due  to  undis- 
tributed bal- 
ances, etc.2 


$610 
-15,743 


-202,086 
-482,562 


-12,857 

5, 136 

?.  832 

847,005 

29, 850 

-165,090 

13,  569 

-  13,  100 

-43,430 


331,  665 


-188,394 

14.  452 

811 


16,107 
-1,559 


4,176 


-15,103 
32,  458 
56,  748 

-79,  482 
-1,934,296 


3,179 

-15,070 

1,271 

-192,329 

14,366 

172,965 


1,658,863 


Net  total 
funds  dis- 
tributed ' 


$3,  584,  299 

743,  503 

2.  233,  032 

9,359,014 

2,  148,657 
7,  465,  039 

966,  612 
4,  452,  91 1 
1,197,990 
1,564,048 

19,  131,  200 
7,  290,  037 
9,310,888 
3,291,504 
3,109,015 

4.  336,  496 

3,  096,  369 
4, 188,  162 
7,  070,  766 

15,712,624 

6,  881,  025 
1,951,204 

7,  374,  482 
1,070,797 
1,911,996 

240,  828 

2,  469,  950 
15,  075,  593 

847,  558 

41,628,954 

7.114,  174 

1,284,023 

20,  305,  587 

3,  WO,  832 
2,  169,  233 

30,  861,  016 
2,  279,  178 

2,  138,  480 
1,316,992 

3,  425,  834 
14,721,007 

773,  272 

2,  171,  680 
5,121,578 

3,  065,  882 

5,  623,  924 
11,709,642 

448,  642 
605,  309 


185,038    309,320,838    21,700,364 


Expenses 
of  collec- 
tion and 
adminis- 
tration < 


$264,  033 

138,859 

70,  612 

1,798,349 

243, 235 

748,  397 

(It) 

314,907 

118,300 

77,  876 

1,158,468 

758,011 

64.1,  340 

216,801 

374, 169 

137,458 

89,  653 

370,  772 

1,  362,  468 

1,053,714 

484,  732 

96,  445 

469,  653 

134,  693 

78,819 

17,975 

"  104,  570 

1,111,174 

103,  831 

2,266,412 

244,  884 

84,  023 

941,575 

641,  805 
275,  741 

1,  532,  656 
261,996 
175,  644 

45, 387 
181,710 
857, 105 

98,  272 
108,  000 
323, 105 
304,  473 

48,  024 

642,  275 
10,000 
83,  903 


For 
other 
admin- 
istra- 
tive 
pur- 
poses 8 


$6,  000 
33,888 


152,616 
38,  324 


12,  231 

34,  077 

35,  000 


360.  000 


15,315 


137, 537 

35,666 

"43,"  455 


For  State  highway  purposes 


Construc- 
tion, main- 
tenance, 

and 
adminis- 
tration 6 


$1,014,192 

580,  178 

802,  204 

2,  743,  646 


3,  590,  663 
679,  695 


1,011,061 

146,211 

5,  903,  274 

2,  941,  535 

3,  607,  857 
1,830,897 
2,321,681 
3,419,772 
1,849,687 

2,  099,  404 

3.  060,  842 
100,  000 

2,  145,855 
170,383 

3,  703,  230 


559,  629 

81,461 

2,  213,  372 

8,  731,  053 

335,  751 
6, 929, 967 

2,  331,  804 
100,000 

3,  540,  030 

1,  209,  660 
858,  447 

24,  577,  379 

1,590,079 

207,881 

251,  100 

2,  255, 986 

4,  373.  572 
145,  539 
503,  751 

4,  421,  278 
2,  371,  183 
2, 147,  838 
5, 681, 393 
266,  133 


State 
highway 
police  1 


$23, 195 


2, 088, 920 


6,  950 


846,  754 
206,  624 


23,  924 

7,818 

291,416 

62,  212 
210,  138 
141,060 
200,  000 

47,  773 
1,  232 

82,  447 


25,  455 
121,135 


32,514 
"152,974 


61,  866 
796, 985 


170,  248 


181,418 

231,  323 

4,461 


182,  858 
179, 839 
22,  725 


6,  509 


903,443    119,406,553    6.460,773    33,859,151    10,750,630 


Service  of  State  highway  obligations 


State 

highway 

bonds 


$1,617,075 


6,142 


80,692 


8,231,100 


312,850 
741,  426 
635,  566 
209,385 


2, 162,  000 
3,"li<U52 


121,937 
7,802 


4, 878,  588 
2,  654,  351 


667,  256 
3,  502,  205 


240,  448 
"183,860 


525,  000 
368,  215 
186, 069 


2,  642,  032 
""i66,"666 


State- 
assumed 
local 
obliga- 
tions 9 


Slim,  cor, 


139, 275 


441,015 


5,  057,  691 
265, 192 


1,  626,  425 


135,  026 


1,  306,  552 


1,  379, 389 


Notes 
and 
other 
short- 
term 
loans 


$293, 937 


37,  707 


132, 996 


Total 


$1,617,075 


1,  300, 144 


219, 967 


8,672,115 


5,  057, 691 
265, 192 


312,  850 
741,  426 
635,  566 
209,  385 


3,  788,  425 
3,"  119, 152 


121,937 
7,802 


4,  878,  588 
2,  789,  377 


667,  256 
3,  502,  205 


1,  584,  707 
""3i6,"856" 


525,  000 
368,215 
186,  069 


2,  642,  032 

1,  379, 389 

166, 000 


464,640    45,074,421    170,941,747 


Total  for 

State 
highway 
purposes 


$2,  631, 267 

603,  373 

2, 102,  348 

4,  832,  566 


3,  590,  663 
966,612 


1,011.061 
146,211 
15,422,143 
3, 148, 150 
8,  665,  548 
2, 120,  013 
2,  329,  499 

4,  024.  038 
2,  653,  325 
2,945,108 
3,411,287 

300,  000 

5,  982,  053 
171,615 

6,  904,  829 


559,  629 
228,  853 

2,  342,  309 
8,731,053 

335,  751 

11,808,555 

5,  153,695 

100,000 

3,  693,  004 
1,  209,  660 
1,  577,  569 

28, 876,  569 
1,  590,  079 

1,  962,  836 
251, 100 

2,  754,  260 

4,  604,  895 
675, 000 
871,966 

4.  790,  205 
2,  551.  022 
4,812,595 
7,  060,  782 
438,  642 


1  A  mounts  given  in  this  column  differ  in  many  cases  from  the  totals  of  a  previous  table  issued  by  the  Bureau— State  motor-vehicle  receipts,  1934,  which  gives  the  receipts 
of  the  1934  registration  period. 

2  In  many  States  amounts  distributed  during  the  calendar  year  differ  from  actual  collections  because  of  undistributed  balances  carried  over  and  lags  between  accounts  of 
collecting  and  expending  agencies. 

3  In  many  States  the  proceeds  of  motor-fuel  taxes,  motor-vehicle  fees,  and  motor-carrier  taxes  arc  placed  in  a  common  fund  from  which  the  distribution  is  made.  In  these 
rises  the  amounts  distributed  have  been  prorated  in  proportion  to  the  receipts,  not  otherwise  dedicated,  from  these  three  sources  of  revenue.    See  preceding  tables. 

4  Collect  ion  expenses  in  many  States  include  service  charges  deducted  by  county  and  local  collectors.  The  amounts  of  such  charges  were  estimated  for  Alabama,  Florida, 
Kentucky,  Ohio,  Oklahoma,  Tennessee,  and  Washington. 

5  Where  reported  separately  from  regular  collection  and  administrative  expenses  of  motor  vehicle  departments,  funds  allotted  for  collection  of  the  motor-fuel  tax,  payments 
to  auto  theft,  fund,  and  miscellaneous  expenses  of  motor-vehicle  regulation  are  shown  in  this  column. 

6  Includes  funds  allotted  for  expenditure  on  urban  extensions  of  State  highway  system,  where  reported  separately  from  other  funds  allotted  for  local  roads  and  streets. 

;  In  cases  where  expenses  of  State  highway  police  are  paid  out  of  State  highway  funds  without  specific  allocations,  expenditures  for  this  purpose  have  been  prorated  in 
proportion  to  receipts  not  otherwise  dedicated.    See  preceding  tables. 

8  County  or  local  obligations  assumed  by  State  as  reimbursement  for  local  roads  added  to  State  system. 

'  In  States  indicated  by  star  (*)  the  law  provides  that  allotments  for  work  on  local  roads  or  streets  may  also  be  used  for  service'  ,of  local  highway  obligations,  but  amounts 
so  used  were  not  reported  separately. 

10  In  a  number  of  States  allotments  for  local  road  work  may  be  used  on  city  streets.    This  column  shows  allotments  which  were  reported  separately. 

11  Kxcept  as  noted,  to  State  general  funds  for  nonhighway  purposes.  Payments  to  county  or  municipal  general  funds  mayjhave  been  distributed  in  part  for  highways,  but 
amounts  were  not  reported. 

12  To  county  and  municipal  general  funds. 

For  engineering  expenses  in  connection  with  irrigation. 
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VEHICLE  RECEIPTS,  1934 


[Compiled  from  reports  of  Stale  authorities] 


For  local  roads  and  streets  • 

For  other 
highway 
purposes 
(park  and 

forest 
roads, 

etc.) 

For  nonhighway  purposes 

For  work  on 
county  and 
local  roads 

For  work 

on  city 
streets  " 

Service  of 
local 

highway 
obliga- 
tions 

Total 

To  general 
funds  " 

For  relief 
of  unem- 
ployment 
or  desti- 
tution 

For  edu- 
cation 

For  other 
purposes 

Total 

State 

12  $688, 999 

$688,  999 

1,271 

60,  072 

$1,271 

Arizona. 

$60, 072 

*$2, 722, 099 
i<  797, 936 
3,  125,  979 

$2,  72 

797.  936 
3,  125,  979 

California. 
Colorado. 
Connecticut. 
Delaware. 

798,541 

275,  057 

1,073,598 

$3,  985,  388 

3,  985,  388 
245 

18  245 

'1,339,961 
2, 107,  751 
1,  176,614 

1,339,961 
2,  167,751 
1,  470,  768 

Idaho. 

1 12,  838 
1,913,099 

142,838 

1,913,099 

$291.  1.1 

954, 690 
405,  347 

954,690 
405,  347 
1 75.  000 
311,160 
838, 205 
1,839,074 
13,979,417 

Kansas. 
Kentucky. 

175,  000 

341, 160 

14,  979 

1,839,074 

•13,979,417 

823,  226 

Maryland. 

Massachusetts. 

Michigan. 

$422,  937 

379,  493 

54,  210 

379,  493 
54,  240 

•1,  683, 144 

1,683,  144 

Mississippi. 

913,853 
1,  273,  548 

22,251 

936,  Kit 
1,273,  548 

$23,071 
905,  230 

23,071 

6,  072,  366 

111,266 

S.  936,  166 

1,422,203 

New  Hampshire. 
New  Jersey. 

5, 167, 136 

111,266 

*8,  936, 166 

22 1,422, 203 

"fu.  niio 

19296,710 

■'  IS,  617,  821 
293,  392 

296,710 

18,617,821 

293, 392 

1.  100,000 

338.  120 

New  York  2° 

S3 1,100,  000 
"338,  120 

*«  11,  257,  904 

•1.729,367 

•313,541 

4,  074,  984 

15,332,888 

1,729,367 
313,541 
288,  605 

Ohio 

2,  382 
79,  927 

288,  605 

2?  83.  259 

83,  259 
411,788 

Pennsylvania. 

411,788 

1,009,564 

1,009,564 

10,941 

South  Dakota 

223,811 

266,053 

489,  864 

•9,  259,  007 

9,  259,  007 

Texas. 

Utah 

1,191,714 

1,191.714 

8,  268 

8,268 

72,  850 
» 763.  305 
2,226,513 

72,  850 

763,  305 

2,  535,  257 

308.  744 

23,  705 

28  1,  412.  623 

1,412,623 

29  477,951 

477,951 

76,  136,  088 

5,  986.  964 

928,  301 

83,051.353 

600,  892 

25,  599.  518 

1,021,238 

3,  985,  388 

1.522.895 

32.  129.039 

Total. 

11  Funds  allotted  to  counties  for  use  on  both  State  and  local  roads. 

ls  Paid  out  of  general  revenue. 

16  For  construction  of  prison  camps. 

"  Includes  expenses  of  motor-fuel  tax  colled  ion. 

18  To  Commission  for  Elimination  of  Toll  Bridges. 

'»  To  State  general  fund,  $111,266;  to  county  general  funds.  $185,444. 

20  General  fund  appropriations  for  highway  purposes  have  been  credited  against  payments  of  motor-fuel  tax  and  motor  vehicle  fees  to  the  State  general  fund,  and  prorated 
m  proportion  to  net  receipts  not  otherwise  dedicated.  See  preceding  table.  <  leneral  fund  appropriations  for  State  police,  $2,223,955,  are  not  included,  as  amount  assignable  to 
highway  traffic  purposes  was  not  reported. 

21  Includes  the  following:  Net  to  State  general  fund  after  crediting  appropriations  for  highway  purposes,  $14,540, 108;  to  New  York  City  general  fund,  $4,077,413. 

22  For  county  roads  under  State  control. 

23  To  real  estate  bond  and  interest  fund. 

"  General  law  provides  that  this  allotment  shall  be  used  for  highway  purposes.  It  is  provided,  however,  that  during  1933,  1934,  and  1935  amounts  shall  be  paid  to  coun- 
ties and  townships,  for  other  than  highway  purposes,  equal  to  amounts  which  would  have  been  produced  by  the  193U  levies  on  personal  property  for  other  than  highway 
purposes.    Amounts  so  diverted  were  not  reported. 

2S  For  hospitalization  of  indigent  persons  injured  in  motor-vehicle  accidents. 

29  Pro  rata  share  of  temporary  loan  from  motor-license  fund  to  general  fund  for  relief  purposes.  Law  provides  that  loan  shall  be  repaid.  It  is.  therefore,  not  included  in 
the  distribution. 

27  To  Bureau  of  Aeronautics,  $30,372;  cooperative  work  other  departments,  $52,887. 

28  To  towns,  cities,  and  villages  in  lieu  of  personal  property  tax  formerly  imposed  on  motor  vehicles. 
28  To  District  of  Columbia  general  fund,  United  States  Treasury. 
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DISPOSITION  OF  RECEIPTS  FROM  STATE 


[Compiled  from  reports  of  State  authorities] 


State 


Alabama 

Arizona .. 

Arkansas 

California. 

Colorado 

Connecticut 

Delaware 

Florida 

Ceorgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota-- 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York  « 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee 

Texas. . 

Utah 

Vermont 

Virginia 

Washington 

Wsst  Virginia 

Wisconsin 

Wyoming 

District'of  Columbia 

Total..- 


Net  total 

receipts  of 

calendar 

year  ' 


878, 097 

888,  574 
029,  085 
959,  744 
779,  750 
953,  554 
154,  138 
933, 929 
706,  397 
455,  362 
498,  852 
1)30,  fi74 
885,  781 
453,  578 
411,826 

590,  566 
147,621 
074,  176 
045.  507 
729,  164 
8*3,  542 
381,  588 
678,  2,30 
483.  495 
277,  923 
270,  390 
836,  164 
466,  295 
256,  524 
368,  873 
533,  066 
290,  123 
951,811 
051,764 
153,684 
310,  704 
965,  345 
362, 102 
759,512 
708.  569 
672,  796 
099,  453 
570,  644 
133.862 
236,  676 
430,  872 
274,  885 

889,  630 


883,  798,  559 


Adjustments 
due  to  undis- 
tributed bal- 
ances, etc.! 


-$3,513 
-17,941 
429, 484 

-344, 142 
16,  275 

-622,627 


-6,  542 

2,494 

-20,  370 

975, 215 

40,  573 

-205,800 

-32,772 

-13,782 

-569,850 

2,  577 

331,665 


-188,730 

-798,  295 

-229 

-279,  667 

-146,  566 

16, 107 

-1,729 


1  5,  376,  537 
206,815 


-16,609 

-1,422,478 

432,  256 

-8,906 

-6,720,424 


-25,681 

-59.  188 

-276,354 

-163,173 

33,  764 

-223,023 

173,  235 


4,  302,  513 

-46,246 

-206,871 


-81,998 


Net  total 
funds  dis- 
tributed 


$12,  874,  584 
3, 870, 633 
10,  458, 569 

47,  615,  602 
8,  796,  025 

12,330,927 

2,154,138 

20,  927,  387 

15,708,891 

4.  434.  992 

48,  474,  067 
24.  671,  247 
20,  679,  981 
12,420,806 
12,398,044 
12,720.812 

7,593,143 
12,479,286 
24,074,176 
36,  856,  777 
16,930,869 

8,  883, 313 
17,101,921 

4,531,664 
10,499,602 

1,276,194 

5,  270,  390 
38,212,701 

3,673,110 
85,  256,  524 
24,  368,  873 

3,  516,  457 
56,  867,  645 
15,387,067 
10,  042,  858 
59,  433,  260 

4,  310,  704 
9, 939, 664 

5,  302,  914 
17,  483,  158 
46,  545, 396 

3,  706,  560 
3, 876, 430 
17,  743,  879 
15,133,862 
11,236,676 
30,  733,  385 
2,  228,  639 
2,  682,  759 


Expenses 
of  collec- 
tion and 
adminis- 
tration 3 


883,  716,  561 


$295, 237 
189, 748 
340,  709 
2,392,316 
366,  822 
782,411 

(IS) 

520,  913 
728,  764 

108,  375 
1,306,987 

836,  221 
848,  468 
766, 141 
495,  500 
199,314 

132,  393 
422, 149 

1,  447,  468 
1,369,849 

861,947 
216,  632 
671,927 
167,845 
164,  579 
17,  975 

109,  022 
1,159,529 

157,401 

2,  357, 064 
272,  534 
123,919 

1,214,272 
886,  988 
371,522 

1,768,047 
277,311 
188,908 
111,051 
376,  856 

1,129,829 

133,  313 
110,000 
531,918 
647,  879 

60,  687 

1,179,766 

29,  434 

127,358 


28,  975,  298 


For  State  highway  purposes 


Construc- 
tion, main- 
tenance, 

and 
adminis- 
tration ' 


$3,  226, 612 
2,371,631 
3,  338,  539 

27,  207, 057 

3,  253,  689 
8,  318,  348 
1,514,732 
6,  943,  560 

10,  290,  961 
2, 683, 464 

13,854,136 

11,593,035 
6,  145,  099 
6,  904,  056 

11,486,111 
3,419,772 

4,  608,  489 
4, 159,  482 

6,  784,  588 
10,  068,  715 

8, 388,  259 

3,  775, 146 
8,811,811 

2,  384, 163 

5,  873,  282 
1,077,659 

4,  282,  401 
16,047,146 

1,  477,  291 
12,  082,  470 

7,  947,  753 
1,  458,  526 

18,  837, 173 

6,  938,  364 
4,  380,  658 

46,  251, 458 

3.  033,  807 
1,002,261 
2, 180,  226 
5,039,941 

20,151,229 

2,921,009 

919,  399 

11,085,390 

7,  221,  609 
4,313,822 

14,  390,  346 
),  471,  363 


371,916,098 


State 

highway 

police 


$24, 030 
94,817 


$4, 024, 043 


!,  088,  920 


149,201 
38, 168 


846,  754 
206,  624 


150,  609 
11,086 
291,416 
155, 000 
210,  138 
312,670 
200,  000 
186, 748 
26,424 
196, 183 


31,  105 
121,135 


1 10,  822 
2,012 

416,367 


273, 515 
1,  499,  783 


170,  248 


181,418 
231,323 
89,  538 


182,  858 
179,  839 
22,  725 


35,  989 


8,751,098 


Service  of  State  highway  obligations 


State 

highway 

bonds 


2,  522,  588 
800, 000 


179,  825 


214, 304 
8,231,100 


6, 853, 334 
1,  847,  261 
1,  963,  288 
464,  118 
4,  082,  060 
2,162,000 


7,  422,  000 
1,043,552 


121,937 
713, 194 

7,  543,  463 
1,616,809 

8,  505,  869 
9,047,130 


3,  405,  010 

6,  590,  526 

301.876 

1,104,820 


410,  750 


525,  000 
672, 031 
450, 080 


5,  306,  384 
~~278,~666~ 


88,  402,  352 


State- 
assumed 
local 
obliga- 
tions 5 


$1,664,953 


310, 380 
2, 322, 169 


8,614,536 
1,000,000 


1,626,425 


27,  518 


460,  226 


6, 003,  389 


1,932,685 
7,  887,  004 


3,  491,  464 


35,781,764 


Notes 
and  other 
short- 
term 
loans 


$1, 223, 280 


102, 000 


173,  259 
2~229~80T 


3, 728, 340 


Total 


$4, 024, 043 


5,410,821 
800, 000 


490,  205 
2,  322, 169 


214,  304 
8,  672, 115 


8,  614,  536 
1, 000,  000 


6,  853,  334 
1,  847,  261 
1,  963,  288 
464, 118 
4,  082,  060 
3,  788,  425 


7,  422,  000 
1,043,552 


149,  455 
713,194 

7,  543,  463 
1,616,809 

8,  505,  869 

9,  507,  356 
102,  000 


3,  405,  010 

6,  590,  526 

301,  876 

7,281,468 


4,  573,  236 

7,  887, 004 

525,000 

672, 031 

450, 080 


5, 306, 384 

3,  491,  464 

278, 000 


127,912,456 


Total  for 

State 
highway 
purposes 


$7,  274, 685 

2,  466, 448 
8, 749, 360 

30, 095,  977 

3,  253,  689 
8,  318,  348 
2, 154, 138 
9, 303, 897 

10,  290, 961 
2, 897, 768 
23,  373,  005 
11,799,659 
14,  759,  635 

8,  054, 665 
11,497,197 
10,  564,  522 

6,  610,  750 

6,  332, 908 

7,  561,  376 
14,  350,  775 
12,363,432 

3, 801,  570 
16, 429, 994 
3,  427,  715 
5, 873,  282 
1,  258,  219 
5,116,730 
23,  590,  609 
3, 107,  733 
20, 588, 339 
17,565,931 
1,562,538 
19.253,540 

6,  938,  364 
8, 059, 183 

54,341,767 
3, 335,  683 
8, 453, 977 
2, 180,  226 
9, 794, 595 

28,  269,  556 
3,  535,  607 
1,591.430 

11,718,328 

7,  401,  448 

9,  642,  931 
17,881,810 

1, 785, 352 


508,  579,  652 


1  Amounts  listed  include  receipts  from  (1)  motor-fuel  taxes.  (2)  motor-vehicle  fees  ami  fines,  and  (3)  special  imposts  on  motor  vehicles  operated  for  hire  (motor-carrier 
taxes).    See  preceding  tables,  which  give  distribution  of  these  three  classes  of  receipts  separately. 

2  In  many  States  amounts  distributed  during  the  calendar  year  differ  from  actual  collections  because  of  undistributed  balances  carried  over  and  lags  between  accounts  of 
collecting  and  expending  agencies.  Adjustments  also  include  deduction  of  receipts  not  classed  as  highway  user  imposts,  as  follows:  Proceeds  of  tax  on  gasoline  used  in  aviation 
in  Idaho,  Michigan,  Oregon,  and  Wyoming,  and  proceeds  of  tax  on  non-motor-vehiele  fuel  in  Ohio. 

3  Includes  expenses  of  collection  and  administration  of  motor-fuel  tax,  motor-vehicle  fees,  and  motor-carrier  taxes,  and  miscellaneous  expenses  of  motor-vehicle  regulation. 

*  Includes  funds  allotted  for  expenditure  on  urban  extensions  of  State  highway  svstem,  where  reported  separately  from  other  funds  allotted  for  local  roads  and  streets. 

*  County  or  local  obligations  assumed  as  reimbursement  for  local  roads  added  to  State  system. 

6  In  States  indicated  by  star  (*)  the  law  provides  that  allotments  for  work  on  local  roads  or  streets  may  also  be  used  for  service  of  local  highway  obligations,  but  amounts 
so  used  were  not  reported  separately. 

'  In  a  number  of  States  allotments  for  local  road  work  may  be  used  on  city  streets.    This  column  shows  allotments  which  were  reported  separately. 

8  Except  as  noted,  to  State  general  funds  for  nonhighway  purposes  Payments  to  county  and  municipal  general  funds  mav  have  been  distributed  in  part  for  highways, 
but  amounts  were  not  reported. 

»  Law  provided  that  part  of  county  allotments  could  be  used  for  schools.    Amount  not  reported  separatelv. 

10  To  county  and  municipal  general  funds. 

11  For  engineering  expenses  in  connection  with  irrigation 

12  To  cities  and  counties  for  service  of  bonded  debt. 

13  Funds  allotted  to  counties  for  use  on  both  State  and  local  roads. 
11  To  cities  and  towns. 

15  Paid  out  of  general  revenue. 

18  Includes  $7,696  to  cities  and  towns. 

"  For  Dade  Memorial  Park,  $365;  Division  of  Airways,  $8,842. 

'■''  For  construction  of  prison  camps. 

"  To  ports  of  New  Orleans  and  Lake  Charles  harbor  for  harbor  improvement. 
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IMPOSTS  ON  HIGHWAY  USERS,  1934 


[Compiled  from  reports  of  state  authorities] 


For  local  roads  and  streets  ° 

For  ot  her 
highway 
purposes 
(park  and 
forest 

For  nonhighway  purposes 

For  work  on 
county  and 
local  roads 

For  work 
on  city 
streets  ' 

Service 

of  local 

highway 

obligations 

Total 

To  general 
funds  l 

For  relief  of 
unemploy- 
ment or 
destitution 

For  educa- 
tion 

For  other 
purposes 

Total 

$688, ooo 
307,  505 

'_'.-,(),  000 

22,  082 

'.',705,231 
101,  IS!) 

Slate 

"  $4,  615, 663 

•906, 932 

906,  470 

•15,105,227 

13  2,  380,  283 

3,  125,  979 

$4,615,663 

900,  032 

1.  118,500 

15,  105,227 
2,380,283 
3,125,979 

>°  $088,  999 

$302,311) 
250,000 

ii    $5,195 

Arizona. 

$152,024 

"22,082 

California. 

801,  174 
'<  104,  189 

1,994,057 

4    -       534 

4,775,534 

2,301,013 

1,428,849 

15,235,896 

10,  122,  268 

5,071,878 

3,000.000 

405,  347 

175,000 

850,  000 

5.001,229 

4,  070,  448 

20,752,410 

3,651,250 

1.  COO,  377 

i»  2,  329,  865 

$3, 987, 971 
2,  385,  683 

is  2,  470 

6,327,043 

2,388,153 

Florida 

2,301,013 
•1,428,849 

•8,  281.  WW 
8,097.814 

•5,071,878 

3,  600,  000 

405,  347 

( leorgia. 

*$6,  954,  228 
2,  024,  454 

442,  838 
1,913,099 

1,810,880 

6,  304,  461 

8,558,  17!) 
1,913,099 

Kentucky 

175,000 

890,  988 

1»  890, 988 

1,781.070 

850, 000 

1,  392, 130 

4,  076,  448 

•20,  752,  410 

•3,651,250 

*4,  600,  377 

3,  220,  743 

988, 356 

12,  960 

10,051,411 

383,  743 

54,  240 
200 

2°  110,040 

123,000 

10,051,411 

383,  743 

54,  240 
204,734 

Maryland. 

$937,  473 

Michigan, 

21  264,  534 

Mississippi. 

913,853 

♦4,144,039 

22,  251 
317,  702 

936,  104 

1.  101,741 

"  44,  638 

1 .  063,  758 

14,638 

9,  225, 1)00 

111,200 

16,885,543 

1,847   15" 

730,000 

26,  075,  917 

1.  380,  434 

1,600,000 

3,015,593 

New  Hampshire. 

7,  561,  242 

111,266 

•16,885,543 

»  4,  847,  457 

730, 000 

31  '18,117,973 

♦4,  380,  434 

•1,600,000 

•2, 472,  490 

61,000 

3, 182,  813 

332,  500 

25  601,250 

4,176,563 
'.'00,7111 
45.  425,  578 
1,682,951 
1,  100,000 
9,423,916 
3,181,281 

»  296,  710 

1  15,  578 
1,682,951 

30   1,  100.0110 

32.338.  120 
21  3,181,281 

North  \  >akota 

=  '  X,  S57.944 

9,085,796 

Ohio 

12,  153 

150,  JOS 

Oregon. 
Pennsylvania. 

543, 103 

3<  150,  07!) 

157,445 

697,  710 

5,852 

1,907,073 

3,  322,  768 

7,  8X7, 004 

37,  640 

697, 710 

•1,  290,  927 
1,009,564 
3, 988, 939 

•9,  259, 007 

1,290.927 
1,009,504 
3,988,939 
9,  259,  007 

30  1,907,073 
3S  2,  193,917 

South  J  >ako1  i 

534,  181 

594,  370 

7,  887,  004 

Texas 

37,  040 

Utah 

2, 175, 000 

M  5.  435, 891 

•0.136,478 

2'  1,533,058 

5,  604,  953 

413,  853 

2,175,000 
5,435,891 
6,136,478 
1,533,058 
6,414,118 
413,853 
1,925 

23,411 

20, 000 
38  948, 057 

3;  }j 

57,  742 
948,  057 

Virginia. 

Washington. 
West  Virginia. 

NO!l,    |li.-, 

60,  000 

38  5, 197,  691 

5,197,091 

1,925,137 

<°  630,  264 

030,  204 

190,221,711 

24,  849,  727 

7,624,310 

222,  095,  748 

1,316,034 

70,  618,  062 

9, 800, 197 

30,874,403 

10,857.107 

122, 149,  829 

Total. 

20  To  Conservation  Department  for  oyster  propagation,  in  consideration  of  fuel  tax  paid  by  motor  workboats.  $75,000;  to  Chesapeake  Hay  ferry  companies,  $3.",, 040 

21  For  service  of  general  State  debt. 

22  Interest  on  highway  relief  bonds,  a  State  obligation  issued  for  improvement  of  local  roads. 

23  Return  of  loan  made  to  sinking  fund  in  1933  from  motor-fuel  tax  funds. 
21  To  Commission  for  Elimination  of  Toll  Bridges. 

25  Service  of  institution  construction  bonds,  $326,475;  reserve  for  service  of  unissued  bonds,  $244,775;  to  Department  of  Commerce  and  Na\  igation,  $90,000. 
2«  To  State  general  fund.  $111,206;  to  county  general  funds,  $185,444. 

27  General  fund  appropriations  for  highway  purposes  have  been  credited  against  payments  of  motor-fuel  tax  and  motor-vehicle  fees  to  State  general  fund      ( leneral  fond 
appropriations  for  State  police.  $2,223,955,  are  not  included,  as  amount  assignable  to  highway  traffic  purposes  was  not  reported. 

28  Net  to  State  general  fund  after  crediting  appropriations  for  highway  purposes,  $39,893,876;  to  New  York  City  general  fund.  $5,531 ,702. 
28  For  county  roads  under  State  control. 

30  For  payments  on  real  estate  bonds. 

31  Law  provided  for  diversion  of  county  and  municipal  allotments  for  relief  and  general  fund  purposes.    Amounts  so  used  nol  reported'separatelj  . 

32  For  hospitalization  of  indigent  persons  injured  in  motor-vehicle  accidents. 

33  Undistributed  balance  adjustment,  $1,430,424;  temporary  loans  to  State  general  fund  for  relief  purposes,  $5,290,000. 
3*  To  Bureau  of  Aeronautics,  $57,154;  cooperative  work  for  other  State  departments,  $99,525. 

35  Service  of  general  fund  bonds,  $1,994,470;  service  of  Great  Smoky  Mountain  Park  bonds,  $199,447. 

38  For  county  roads  under  State  control  in  all  but  three  counties,  $5,232,575;  transferred  to  remaining  three  counties,  $203,316 

37  For  aviation  purposes. 

38  For  service  of  $10,000,000  emergency  relief  bond  issue,  of  which  approximately  $1,000,000  has  been  assigned  lo  the  Stale  highway  department  for  mad  work. 

39  To  State  general  fund,  $1,022,101;  to  towns,  cities,  and  villages  in  lieu  of  personal  properly  tax  formerly  imposed  on  motor  vehicles,  $3,575,590. 
*<*  To  District  of  Columbia  general  fund,  United  States  Treasury. 
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THE  NEW  YORK  FINANCIAL  SURVEY 


DIGEST  OF  A  SURVEY  OF  THE  FINANCES  OF  NEW  YORK 

TO  HIGHWAYS1 


IN  1932,  WITH  SPECIAL  REFERENCE 


Reported  by  ELIZABETH  C.  PADDOCK,  Assistant  Highway  Engineer-Economist,  Division  of  Control, [Bureau  of  Public  Roads 


IN  1934  a  legislative  committee  was  appointed  in  New- 
York  to  make  a  survey  of  road  and  traffic  condi- 
tions in  order  to  assist  in  determining  "future  policy 
with  respect  *  *  *  to  the  construction  of  streets, 
roads,  highways,  and  footpaths"  and  "to  ascertain 
the  facts  with  regard  to  volume,  character,  and  distri- 
bution of  traffic  on  streets,  and  on  primary,  secondary, 
and  tertiary  roads."  It  was  deemed  essential  "that 
an  economic  survey  be  made  to  reveal  sources  of  high- 
way revenues  to  the  end  that  road  construction,  both 
rural  and  urban,  may  be  considered  in  accordance 
with  the  facts  and  funds  equitably  distributed  for  street 
and  highway  purposes."  2 

Prior  to  the  initiation  of  the  survey  by  this  legislative 
committee  the  Bureau  of  Public  Roads  had  been  con- 
ducting investigations  in  a  few  other  States  similar  to 
those  desired  by  New  York .  Under  a  cooperative  agree- 
ment the  Bureau  assisted  the  committee  in  the  collec- 
tion of  the  desired  financial  and  road-use  data.  The 
financial  and  road-use  surveys  conducted  in  New  York 
were  modeled  after  those  made  in  Wisconsin,  Illinois, 
Michigan,  Minnesota,  New  Hampshire,  Colorado,  Wyo- 
ming, and  New  Mexico.3  Similar  studies  are  a  part  of 
the  State-wide  highway  planning  surveys  currently  be- 
ing conducted  by  the  Bureau  in  cooperation  with  about 
40  of  the  various  States. 

The  same  general  definitions  and  methods  of  collect- 
ing and  analyzing  data  have  been  used  in  all  the  surveys. 
Four  main  processes  characterize  each  study: 

1 .  Collection  oj  data. — In  New  York  this  step  involved 
the  detailed  study  of  all  available  records  in  State 
offices,  personal  visits  to  many  counties  and  localities, 
and  the  circulation  of  about  150,000  questionnaires. 
The  process  was  simplified  to  a  large  extent  in  New 
York  by  the  existence  in  State  offices  of  complete  rec- 
ords for  all  units  of  government  with  the  exception  of 
Rochester,  Buffalo,  New  York  City,  and  most  of  the 
special  districts. 

2.  Analysis  oj  data. — Much  of  the  analysis  was  done 
as  the  data  were  collected.  Where  special  problems  of 
interpretation  arose,  however,  decisions  were  made  only 
after  consultation  with  officials  of  the  governmental 
agency  in  question. 

3 .  Tabulation  oj  material. — Detailed  tabula  tions  show- 
ing all  data  for  the  several  population  classifications  in 
each  county  were  made  for  the  entire  State.  These 
tabulations  formed  the  basis  for  the  summary  tables 
presented  in  this  report. 

4.  Preparation  oj  report. — An  interpretation  of  the 
tabulations  provided  the  material  for  this  summary. 

Six  primary  definitions  are  basic  to  an  understanding 
and  proper  interpretation  of  the  figures  compiled  for  this 

'  The  full  report  has  been  published  by  the  State  of  New  York  as  Legislative  Doc- 
ument (1936)  No.  115,  vols.  I  and  II.  The  Bureau  of  Public  Roads  does  not  have 
copies  of  the  full  report  for  distribution.  . 

2  Report  of  the  New  York  State  Highway  Survey  Committee,  Legislative  Docu- 
ment (1936)  No.  89,  p.  5. 

3  These  financial  surveys  have  been  made  under  the  immediate  direction  of  Dr. 
Henry  R.  Trumbower,  professor  of  economics  at  the  University  of  Wisconsin  and 
economist  for  the  Bureau  of  Public  Roads,  and  H.  R.  Briggs,  field  investigator  and 
statistician.  For  results  of  the  Wisconsin,  Illinois,  Michigan,  Minnesota,  and  New 
Hampshire  surveys,  see  the  April  1933,  May  1933,  June  1933,  March  1936,  and  April 
1936  issues  of  Public  Roads,  respectively. 
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survey.  The  term  "highways"  includes  all  items  hav- 
ing to  do  with  the  construction,  maintenance,  marking, 
signing,  and  administration  of  all  roads,  streets,  alleys, 
and  bridges.  The  term  includes  all  items  pertaining  to 
the  keeping  of  roads  and  streets  in  a  usable  and  sate 
condition  for  vehicular  traffic,  but  such  items  as  side- 
walks, sanitary  sewers,  ornamental  lighting,  and  street 
cleaning  are  excluded. 

Activities  having  to  do  with  the  construction,  main- 
tenance, and  administration  of  and  all  teaching  in 
public  schools,  libraries,  and  museums  are  classed  as 
"education." 

"Public  benefit"  consists  of  all  items  having  to  do 
with  the  protection  of  lives  and  property  and  with 
the  pleasure  and  well-being  of  the  people,  including 
police  and  fire  protection,  courts,  sanitation,  parks, 
playgrounds,  and  charitable  and  penal  institutions. 

All  general  administration  and  such  other  activities 
as  do  not  fall  into  one  of  the  three  classifications  given 
above  are  classed  as  "government." 

The  definition  of  "expenditure"  as  used  in  this  sur- 
vey is  synonymous  with  the  net  cost  which  must  be 
met  from  public  revenue  funds,  including  special 
assessment  payments. 

Every  payment  made  to  a  public  body  through  the 
authority  vested  in  it  to  collect  funds  is  an  "impost." 
Thus  fees,  fines,  permits,  and  licenses  are  imposts. 
Where  there  occurs  a  difference  in  the  amount  of  im- 
post levied  and  the  amount  collected,  the  levy  is  shown. 

OVER  HALF  OF  THE  TOTAL  POPULATION  AND  PROPERTY  VALUATION 
WAS  IN  NEW  YORK  CITY 

In  an  effort  to  place  all  the  surveys  on  a  comparable 
basis  the  same  population  classification  is  used. 

"Rural  areas"  are  all  rural  territories  outside  of 
incorporated  places.  In  New  York  all  such  areas  are 
under  town  government.  "Urban"  areas  are  incor- 
porated villages  and  cities  and  are  grouped  according 
to  population  as  follows: 

Places  under  2,500  persons. 

Places  2,500  to  14,999  persons. 

Places  15,000  to  74,999  persons. 

Places  75,000  to  399,999  persons. 

Places  400,000  to  999,999  persons. 

Places  over  1,000,000  persons. 

The  names  of  individual  cities  are  used  in  preference, 
to  the  last  two  designations  in  this  report  since  Buffalo 
is  the  only  place  having  400,000  to  999,999  persons 
and  New  York  City  is  the  only  place  having  over 
1,000,000  persons. 

Certain  data  are  basic  to  a  complete  understanding 
of  the  figures  shown  by  the  financial  survey  and  should 
be  kept  in  mind  when  reading  this  summary. 

Population  concentration  in  New  York  State  is  of 
more  economic  and  social  importance  than  in  many  of 
the  other  States.  The  population  of  New  York  ac- 
cording to  the  census  of  1930  numbered  12,588,060 
persons,  more  than  one-tenth  that  of  the  entire  con- 
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tinental  United  States  (table  1).  This  population 
was  crowded  into  a  land  area  of  45,057  square  miles, 
only  1 .0  percent  of  the  total  gross  area  of  the  United 
States.  Less  than  14  percent  of  the  people  in  New 
York  live  in  rural  areas.  A  further  indication  of  the 
population  concentration  is  made  evident  when  it  is 
pointed  out  that  more  than  50  percent  of  the  population 
of  the  State  (6,930,446  persons)  live  in  New  York  City. 

Another  factor  of  eco- 
nomic importance  is  the 
valuation  of  property  in 
the  various  parts  of  the 
State.  The  figures  in  table 
1  show  the  full  value  of 
property,  obtained  by  di- 
viding the  assessed  value 
by  the  ratio  of  assessed  to 
full  value  as  determined  by 
the  State  tax  commission. 
This  was  necessary  to  put 
all  valuations  on  a  com- 
mon basis. 

All  roads  and  streets  in 
the  State  are  classed  under 
three  general  headings  for 
the  purposes  of  this  survey. 
The  first  group  includes  the 
State  highway  system  and 
any  other  roads  or  streets 
for  winch  State  moneys  are 
specifically  appropriated, 
exclusive  of  State  aids  or 
revenue  distrib  u  tion  s. 
State  and  county  highways 
are  the  main  roads  included 
in  this  designation.  The 
second  group  includes 
county  roads,  administered 
through  the  county  boards 
of  supervisors,  while  the 
third  group  embraces  town 
liighways  and  city  and  vil- 


NEW  YORK  TAXES  IN  1932 

Total  taxes  and  imposts  levied  for  all  pur- 
poses in  New  York  in  1932  were  $1,212,571,800. 
Taxation  of  general  property  totaled  $907,941,- 
700;  all  motor-vehicle  imposts,  $81,324,700; 
other  imposts,  including  estate  taxes,  personal 
and  business  income  taxes,  bank  taxes,  and 
miscellaneous  State,  county,  and  local  reve- 
nues, $223,305,400. 

Of  the  total  taxes  and  imposts  levied,  rural 
taxpayers  were  charged  with  $116,841,100,  or 
9.6  percent;  residents  of  incorporated  places 
other  than  New  York  City,  $362,977,000  or  30 
percent;  and  residents  of  New  York  City, 
$732,753,700  or  60.4  percent, 

The  average  actual  tax  rates  on  general 
property  per  $100  valuation  were  as  follows: 
Rural  areas,  $2.25;  incorporated  places  under 
2,500,  $1.70;  places  2,500  to  14,999,  $2.24; 
places  15,000  to  74,999,  $3.18;  places  75,000 
to  399,999,  $3.33;  Buffalo,  $3.34;  and  New 
York  City,  $2.52. 

Rural  motor-vehicle  owners  paid  in  regis- 
tration fees  and  motor-fuel  taxes  an  average 
of  $27.63  per  vehicle  registered;  those  resident 
in  incorporated  places  under  2,500,  $28.64; 
in  places  2,500  to  14,999,  $30.78;  in  places 
15,000  to  74,999,  $31.33;  in  places  75,000  to 
399,999,  $33.35;  in  Buffalo,  $31.58;  and  in 
New  York  City,  $40.15. 


lage  streets.  Town  highways  lie  entirely  outside  the 
limits  of  incorporated  places  and  are  administered  by 
town  boards. 

The  State  highway  system  in  1932  consisted  of  12,402 
miles,  or  approximately  one-eighth  of  the  total  street 
and  road  mileage  of  the  State.  This  mileage  is  some- 
what less  than  the  legal  system  of  State  highways  as 
established  by  the  legislature.     The  system  designated 

by  the  legislature  totaled 
some  13,947  miles,  but  for 
purposes  of  classification 
and  administration  all 
roads  on  the  designated 
system  are  considered  to 
be  on  the  town  highway 
system  until  tbey  have 
been  improved.  Hence, 
the  difference  between  the 
two  figures  given  above  is 
equal  to  the  amount  of  the 
designated  State  highway 
system  that  was  actually 
maintained  by  the  towns 
ami  included  in  the  total 
mileage  of  unimproved 
town  highways.  Though 
carried  as  part  of  tbe  sys- 
tem designated  by  the  leg- 
islature, these  roads  are 
actually  included  in  the 
town  highway  system  in  all 
State  reports,  programs, 
and  State-aid  financing. 


OVER  50  PERCENT  OF  ROADS  ON 
STATE  HIGHWAY  SYSTEM  HAD 
HIGH-TYPE  SURFACES 

Table  2  gives  in  summary 
form  the  distribution  of  the 
various  classes  of  highways 
throughout  the  State  in 
1932.  Table  3  shows  that 
of  the  total  mileage,  15.7 
percen t   was   pavement 


Table   1.- — Population,  in  1930  and  full  valuation  of  taxable  real 
-properly  by  class  of  place  in  1932 


Population 

Full  valuation  ' 

Class  of  place 

Number 

Per- 
cent 

Per 

square 

mile 

Amount 

Per- 
cent 

Per 
capita 

Places  under  2,500 

Places  2,500  to  1 1,999 
Places  15,000  to  74,999.... 
Places  75,000  to  399,999... 
Buffalo 

1,712,065 
372,  073 
847,114 

1,004,222 

1,  149,070 
573,  076 

(,.  930,  446 

13.6 
3.0 

6.7 
8.0 
9.  1 
4.5 
55.1 

39 

807 

2,354 

3,  837 

7.  860 
13,580 
22,  015 

$3,558,877,300 

1,052,444,600 
2,  162,089,  200 
2,  137,  796,  300 
2,794,861,200 
1,367,211,000 
22,  027,  926,  000 

10.1 
3.0 
6.2 
6.  1 
8.0 
3.9 

62.7 

$2,  079 
2,829 
2,552 
2,129 
2,432 
2,386 
3,178 

New  York  Cilv 

Total 

12,  588, 066 

Hill    II 

279 

35,101,205,600 

100.0 

2,788 

RECAPITULATION 


Rural 

1,712,065 
10,  876,  001 

13.6 
86.4 

39 
6,860 

$3, 558, 877, 300 
31,542,328,300 

10.1 
89.9 

2,079 
2,900 

I  rban. 

Total ....... 

12,588,066 

100  0           9"Q 

35,101,205,600 

100.0 

2,788 

1  At  State  rate  of  equalization. 


Table  2.- — Location  of  the  various  classes  of  highways  and 
streets  in  1932 


Place  where  highway 
was  located 


Rural  areas 

Places  under  2,500 

Places  2,500  to  14,999.  _. 
Places  15,000  to  74,999.. 
Places  75,000  to  399,999 

Buffalo 

New  York  City 


Total. 


State  high- 
ways 


County 
roads 


Miles 


11,507 

635 

246 

13 


12,  in- 


Per- 
cent 


92.8 

5.1 

2.0 

.  1 


(') 


100.0 


Miles 


1 1 , 682 
61 
51 
12 


11,806 


Per- 
cent 


99.0 
.5 
.4 
.1 


100.  (I 


Local  roads 
and  streets 


M  iles 


60, 025 
2,619 
3,402 
2,424 
2,047 
598 
5,270 


76, 385 


Per- 
cent 


78.6 
3.4 
4.4 
3.2 
2.7 


inn  0 


All  highways 
and  streets 


Miles 


83,214 
3,315 
3,699 
2,449 
2,047 
598 
5,271 


100, 593 


Per- 
cent 


82.7 
3.3 
3.7 
2.4 
2.0 
.6 
5.3 


100.0 


RECAPITULATION 

Rural  areas 

Urban  areas 

11,507 
895 

92.8 
7.2 

11,682 
124 

99.0 
1.0 

60, 025 
16,360 

78.6 
21.4 

83,214 
17, 379 

82.7 
17.3 

Total 

12,402 

1 i 

11,806 

100.0 

76, 385 

100.0 

100, 593 

100.0 

Less  than  0.1  percent. 
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(portland-cement  concrete,  brick,  block,  or  asphalt) 
while  42.7  percent  was  earth.  All  but  2  miles  of  the 
total  mileage  of  earth  roads  were  on  the  town  highway 
system.  More  than  half  of  the  State  highway  system 
was  surfaced  with  portland-cement  concrete,  brick, 
block,  or  asphalt  (fig.  1).  The  county  roads  in  general 
were  of  intermediate  type  with  58.9  percent  of  their 
total  mileage  constructed  of  mixed  bituminous  material 
and  32  percent  of  water  bound  macadam  and  gravel. 

Table  4  shows  the  mileage  figures  reduced  to  miles 
per  square  mile  of  area  and  per  thousand  persons. 
Thus,  there  was  0.27  mile  of  State  highways  per  square 
mile  of  area  and  0.99  mile  per  1,000  persons,  compared 
with  a  total  on  all  systems  in  the  State  of  2.23  miles  of 
roads  and  streets  per  square  mile  of  area  and  8  miles  per 
1,000  persons. 

Table  3.- — Classification  of  highways  and  streets  by  type  of 
surface  in  1932 


BY   MILEAGE 

\ND  BY  PERCENTAGE 

OF  EACH 

TYPE 

Type  of  surface 

Stale  high- 
ways 

County  roads 

Local  roads 
and  streets 

All  highways 
and  streets 

Miles 

Per- 
cent 

Miles 

Per- 
cent 

Miles 

Per- 
cent. 

Miles 

Per- 
cent 

High  type  ' 

G.377 

689 

3.  87S 

1,459 
2 

51.4 

.V  6 

31.2 

11.  S 

1,070 

9.1 
58.9 

8,  338 

1,352 

10.9 

1.8 

15,  7S5 
8,  994 
3,  875 

28,980 

42,  959 

15  7 

Mixed  bituminous  '■' 

Surface  bituminous  3 

8.9 

3  9 

Water-bound    macadam 

and  gravel..        .- 

Earth 

■A,  7S3 

32  0 

23,  73N 
42.  957 

31.  1 
56.  2 

28  8 

42  7 

Total'.-. 

12,402 

ii.ii  ii 

11.  Mill 

inn  ii 

7li.  3S5 

100.0 

100.  593 

100.  0 

BY  PERCENTAGE  ON  EACH  SYSTEM 


High  tvpe  '.     ..      

40.4 

7  7 

100.0 

5  0 

(>) 

6  8 

77  :<, 

.v.'.  8 
15  0 

100  0 

Mixed  bituminous  2    

inn  li 

Surface  bituminous3 

inn  n 

Water-bound    macadam 
Earth 

13.  1 

SI    II 

100.0 

inn  n 
100  1) 

Total _ 

12.3 

11.7 

76.0 

1 1 

1  Includes  portland-cement  concrete,  brick,  asphalt,  and  block  payements. 

2  Includes  bituminous  macadam  and  other  bituminous  mixes. 

1  Includes  penetration  macadam  and  other  low-cost  bituminous  surfaces. 

<  Less  than  0.1  percent. 

5  System  as  accepted  by  State— not  routes  eligible  to  become  State  roads. 

Table  4. — Mileages  of  the  various  classes  of  roads  per  square  mile 
of  area  and  per  1,000  persons  * 


Highway  system 


State  highways 

County  roads. 

Local  roads  and  streets. 


All  highways  and  streets - 


Miles  per 

square 

mile  of 

area 


0.27 

.  26 

1.70 

Miles  per 

1,000 
persons 


0.99 

.94 

6.07 


1  Road  mileage  figures  for  1932  were  used.    Population  and  area  figures  for  1930  were 
used. 

State  expenditures  for  highway  purposes  in  1932  con- 
stituted 33.5  percent  of  the  total  State  expenditures  for 
all  purposes.  When  all  units  of  government  of  the  State 
are  considered,  the  total  expenditures  for  highways  and 
streets  amounted  to  15.8  percent  of  all  expenditures. 
The  magnitude  of  highway  expenditures  is  noteworthy 
in  light  of  the  fact  that  the  functions  of  the  local  units 
of  government  are  more  especially  concerned  with  edu- 
cation and  public  benefit. 

Annual  expenditures  on  the  State  highway  system 
grew  steadily  from  1924  to  1932.  Much  of  this  increase 
in  cost  was  caused  by  the  enlargement  of  the  system. 
In  1922  there  were  but  8,285  miles  of  improved  highways, 
while  there  were  more  than  12,400  miles  of  improved 
highways  in  1932.  Also,  the  State  built  almost  twice 
as  many  miles  of  highway  in  1932  as  it  did  in  1922. 


100 


1         I  EARTH 

Tfl  WATER- BOUND  MACADAM  AND    GRAVEL 

\'/A  SURFACE  BITUMINOUS 

1 : ■ : ■ .  1  MIXED   BITUMINOUS 

^B  HIGH    TYPE 


I 


STATE.  COUNTY 

HIGHWAYS  ROADS 


LOCAL  ROADS     ALLHIGHWAYS 
AND  STREETS     AND  STREETS 


Figure   1. — Mileage  of  all  Highways  and  Streets  in  New 
York  in  1932,  by  Types. 

Table  5  indicates  the  considerable  drop  in  expendi- 
tures which  occurred  in  1932.  New  York,  like  many 
other  State  governments  throughout  the  country,  felt  in 
1930  and  1931  that  the  economic  depression  would  be  of 
short  duration  and  that  its  end  would  be  hastened  and 
the  unemployed  given  useful  work  by  the  expenditure 
of  large  sums  of  money  for  public  works.  The  figures 
for  1932  shown  in  table  5  are  not  entirely  comparable 
with  those  of  other  years  inasmuch  as  some  information 
available  for  that  year  was  not  available  for  other  years, 
i.  e.,  expenditures  by  other  agencies,  such  as  the  conser- 
vation department,  for  highway  purposes.  Other 
items,  such  as  the  expenditures  by  relief  organizations, 
were  not  significant  in  the  highway  expenditures  for  the 
years  prior  to  1932. 

$17  PER  CAPITA  SPENT  FOR  HIGHWAYS  IN  1932 

One  phenomenon  of  the  1932  road  program  in  New 
York  was  the  fact  that  even  though  total  expenditures 
dropped  more  than  $16,000,000  from  the  high  of  1931, 
a  considerably  greater  mileage  was  constructed  and 
maintained  than  would  normally  be  expected  with  such 
a  large  decrease  in  expenditures.  This  resulted  from  a 
decrease  in  labor  costs  and  material  prices  and  from 
extremely  low  bidding  by  contractors. 

The  total  highway  program  in  New  York  cost  $215,- 
583,200,  or  $17.13  per  capita,  in  1932.  The  extent 
to  which  the  several  units  of  government  participated 
in  the  1932  highway  program  is  shown  in  table  6. 
State  and  county  expenditures,  allocated  to  the  places 
where  the  funds  were  actually  spent,  are  shown  in 
table  7. 

Over  31  percent  of  the  total  highway  expenditures 
were  made  for  State  highways,  and  other  agencies 
besides    the   State   made   expenditures   for   the   State 
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Table  5.-  -Expe7 

dilures  administered  by  the  State  on  Slate  highway  system,  1924-34 

i  'onstruction 

Maintenance 

i iverhead 

\  pal 

Highways  ' 

< rrade 
crossing  - 

T 1 

General  > 

Interest 

Total 

Grand  total 

1924 

$23,312,000 

26,232,  OOO 
27,535,100 
37,  534.  000 
39,931,100 
44,234,600 
48,  792,  200 
56,254,700 
38,001,400 
25,41ii,  200 
32,565,  100 

$23,312,000 

26,  232,  000 

27,  535,  100 
37,  534,  000 
39,931,500 
15,463,  loo 
53, 982,  500 
01, 009, 600 
14,  264,  400 
32,  379,  800 
36,  967,  600 

$8,  053,  600 
9,231,700 
9,622,800 
11,690,600 
12,954,400 
14,048,700 
14,  270,  700 
13,  320,  000 
13,  773,  700 
10,  636, 100 
9,870, '.'OO 

$1,  625,  700 
2, 178,  000 
2,  351.  000 
1,831,800 
1.757,900 
2,  037,  400 
2,314,  100 
2,  081,  000 
1,  707,  100 
1,512,  100 
1,788,500 

$2, 847,  600 
2, 800,  700 
2, 944,  700 
3,069,100 
3,  005,  900 
2,931,300 

2,  887,  200 

3,  313,  700 
3,  869,  300 

5  4,111,800 
'  4,  190,  900 

$4,  473, 300 
4,978,7110 
5,  295,  700 
4,  900,  900 

4,  763, 800 
4, 968,  700 

5,  201,  300 
5,  394,  700 
5,  576,  400 
5,  623,  900 
5,  979,  400 

$35,  838,  900 

1925 

40,442,400 

1926 

42,  453,  600 

1927 

54,  125,  500 

1928                                          --.   .   . 

•100 

1.228,500 

5,  190,  300 

1,  7.34,  900 
6,263,000 

6,  963,  600 

4.  402,  200 

57,  649,  700 

1929                                  

64,  480,  500 

1930 

73,  454,  500 

1931                             .   

79,  724,  300 

1932  -.                 

1933                              ... 

>  63.  614.  500 
48,  639,  800 

1934 

52,  826,  200 

Total                                 ---   

399,  Mis.  Too 

28,  SOL',  o. hi 

Us.  611,600 

127,  481,  500 

21,  is  l.iioo 

35,  972.  200 

.;.  i .-..,.  mio 

613, 249, 900 

i  Includes  grade  i  rossing  expenditures  made  under  supervision  of  the  Division  of  Highways. 

-'  Includes  only  expenditures  in  Buffalo,  Syracuse,  and  New  York  City  not  administered  by  Department  of  Public  Works. 

n  Includes  operation  expenses  of  Bureau  of  Motor  Vehicles  of  the  Department  of  Taxation  and  Finance. 

'  Includes  $l,l.v_>.oun  nf  county  and  local  funds  administered  by  the  State 

»  Approximate. 


highway  system.  These  additional  expenditures  in- 
clude: 

1.  Payments  by  the  counties  for  snow  removal  on 
State  highways  ($645,800). 

'_'.  Payments  by  the  comities  for  right-of-way  for 
new  construction  or  reconstruction  projects  on  State 
highways  ($3,834,000). 

3.  The  contributions  to  the  State  for  work  done  on 
county  roads  which  are  part  of  the  State  system 
($1,152,900). 

Table  G.  —  Total  street  and   highway   expenditures   as   originally 
niiuh  by  the  several  governmental  agencies  in  1932 


Unit  of  government  making  expenditure 

Amount  of 
expenditure 

Percent 

Expenditure 
per  capita 

$62.  161,600 

43,917,100 

22,531,100 

1,729,600 

4,  178,500 
l.oo.'.  SOU 
...HOT,  400 
1 .  577,  600 
68,587,500 

20   0 
20.4 
HI  5 
8 
1.9 
2  3 
2.  6 

3L8 

$4.  96 

3.  49 

13  16 

Places  uni  lei  2,500           

4.65 

Places  2,500  to  14, OOO 

4.93 

Places  15,000  to  74,999 

4.88 

Places  75,000  to  390,000 

1.96 

Buffalo... 

2.  75 
9.  90 

Total 

215.  5X3,  200 

100.0 

17,  13 

Table  7. — Total  street  and  highway  expenditure*  us  made  in  each 
class  of  place  in  1932 


Place  where  expenditure  was  made 

Amount  of 
expenditure 

Percent 

Expenditure 
per  capita 

Rural  areas 

Places  under  2,500 

$112,585,900 
4,  327,  500 
6,917,000 
6,209,300 

10, 126,  ooo 
2,  187,600 

73,  229,  300 

52.2 
2.  0 
3.2 

2   9 

1,7 

1.0 

34.0 

$65.  70 
11.63 

Places  2,500  to  1 1,999 

8  17 

Places  15,000  to  74,999.. 

6  18 

Places  75,000  to  399,999 

8  81 

Buffalo 

3.82 

New  York  City .     .. 

10  57 

Total 

215,  583,  200 

100.0 

17  13 

RECAPITULATION 


Rural  areas 

$112,585,900 
102, 997,  300 

52.2 
47.8 

$65.  76 
9  47 

Urban  areas ...    . 

Total 

215,  583, 200 

100.0 

17  13 

A  large  portion  but  not  all  of  the  State  highway 
expenditures  is  administered  through  the  Division  of 
Highways.  Payments  of  principal  and  interest  on 
highway  debt  are  in  the  hands  of  the  State  comptroller. 
Expenditures  for  snow  removal  and  the  purchase  of 
right-of-wa}'  are  made  by  the  counties.     Certain  high- 


way expenditures  are  made  by  the  Conservation 
Department,  by  the  emergency-relief  commissions, 
and  by  various  other  special  commissions  such  as  the 
Westchester  County  Parkway  Commission.  Funds 
for  grade  crossing  elimination  projects  in  Buffalo, 
Syracuse,  and  New  York  City  are  controlled  by  city 
commissions.  The  cost  of  operation  of  the  Bureau  of 
Motor  Vehicles,  considered  in  this  study  as  a  highway 
expenditure,  is  under  the  supervision  of  the  Depart- 
ment of  Taxation  and  Finance. 

One  difficulty  encountered  in  this  survey  was  in 
making  the  distinction  between  expenditures  for  con- 
struction and  those  for  maintenance.  The  State 
authorities  realized  that  the  maintenance  accounts 
included  more  than  maintenance  figures  and  in  1933 
changed  the  system  of  records  so  that  expenditures  for 
betterments  would  not  appear  as  general  maintenance. 
In  the  analysis  of  the  1932  accounts,  maintenance 
expenditures  as  shown  are  not  the  reported  mainte- 
nance-fund disbursements  but  are  made  up  of  those 
items  which,  as  far  as  could  be  ascertained,  were  truly 
maintenance  costs.  Table  8  shows  expenditures  on 
the  several  highway  systems  by  the  purposes  for  which 
they  were  made,  i.  e.,  construction,  maintenance,  and 
overhead.  The  portion  expended  in  or  for  the  benefit 
of  rural  areas  is  given  in  table  9. 

Table.  8- — Total  expenditures  on  the  several  highway  systems  in 

1982 


Purpose  of  expendi- 
ture 

State  high- 
ways 

County 
roads 

Local  roads 
and  streets 

All  high- 
ways and 
streets 

Percent- 
age of 
total 

Construction: 

$48,  907, 900 
35.8 

$13, 635, 800 
23.1 

$5, 550, 600 
27.9 

$33, 440, 800 
24.4 

$3, 999, 800 
6.8 

$843, 800 
4.2 

$54, 398, 000 
39.8 

$41, 284, 200 
70.1 

$13,  522,  300 
67.9 

$136, 746, 700 
100.0 

$58,919,800 
100.0 

$19, 916, 700 
100.0 

63.4 

Maintenance: 

27.3 

Overhead:  ' 

9.3 

Percent      

Total: 
Amount.. 

$68, 094, 300 
31.6 

$38,  284,  400 
17.8 

$109,  204, 500 
50.6 

$215, 583, 200 
100.0 

100.0 

1  Includes  interest  payments. 

ONE-HALF    OF    ALL    HIGHWAY     EXPENDITURES     WAS    FOR    LOCAL 
ROADS  AND  STREETS 

Maintenance  expenditures  in  1932  compared  to  those 
of  previous  years  show  considerable  increase  caused  not 
only  by  the  greater  mileage  of  highways  maintained  but 
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Table  9.- — Total  highway  expenditures  on  all  highway  systems   in 
rural  areas  in  1932 


State  highways 

County  roads 

Town  roads 

All  highways 

Purpose  of 
expenditure 

g 

3 
o 

s 

<> 

a 

Ph 

1 

O 

s 

<j 

a 

Ph 

o 

S 
<> 

a 
Ph 

c 
to 
u 

Construction: 

Amount 

Percent 

Maintenance: 

Amount 

Percent 

Overhead:  > 

Amount 

Percent 

$34,  590,  600 

$12,  782,  300 
41.0 

$5,116,300 
66. 1 

65.9 

24.  1 

9.7 

$32,  773,  700 
44.5 

$3,  949,  200 
12.7 

$842,  700 
10.9 

87.3 
10.5 
2.2 

$6,317,301) 
8.  6 

$14,131,01)0 
10.  3 

$1,782,800 

23.0 

2S.II 

64.  1 

7.9 

$73,681,600 

l 

$31,  162.  oOll 

100.0 

$7,  741,  soil 
100.  0 

65.  1 
27.7 
6  9 

Total: 
Amount- 
Percent  . 

$52,  489,  200 
46.  6 

100.0 

$37,  565,  600 
33.4 

100.0 

$22,531,  100 
20  0 

100.0 

100.0 

100. 0 

1  Includes  interest  payment-,. 

also  by  the  fact  that  in  1932  the  Division  of  Highways 
performed  many  functions  of  maintenance  which  it  did 
not  formerly  undertake.  The  costs  of  maintenance  per 
mile  and  per  vehicle  are  shown  in  table  10. 

While  the  county  roads  constituted  11.7  percent  of 
the  total  highway  mileage  of  the  State,  they  carried 
but  5.9  percent  of  the  total  travel  performed  by  New 
York  State  residents  on  all  New  York  roads  and  streets 
in  1 932.  Tbe  travel  figures,  obtained  through  the  road- 
use  survey,  indicate  the  small  total  travel  on  county 
roads.  This,  however,  does  not  mean  that  the  county 
roads  do  not  have  an  important  place  in  the  highway 
system  of  the  State.  They  arc  in  most  cases  necessary 
feeder  roads  which  serve  to  carry  local  traffic  quickly 
and  cheaply  to  the  State  highways  and  other  through 
routes. 

An  attempt  was  made  during  this  survey  to  deter- 
mine the  amount  of  comity  expenditures  made  for  the 
acquisition  of  right-of-way  for  State  highways.  On  the 
basis  of  returns  to  questionnaires  received  from  approx- 
imately two-thirds  of  the  county  superintendents  of 
highways  or  from  the  boards  of  supervisors,  this  ex- 
penditure was  estimated  to  have  been  $3,834,000  in 
1932.  The  incidental  costs  in  connection  with  acquir- 
ing the  various  parcels  of  land  for  right-of-way  were  no 
inconsiderable  portion  of  the  total,  amounting  to  ap- 
proximately 10  percent  for  the  State  as  a  whole  and  in 
some  counties  running  as  high  as  20  percent  of  the  total. 

Table  10. — Per-mile,  per-vehicle,  mid  total  expenditures  for  street 
and  highivay  maintenance  in  the  various  places  in  New  York  in 


Unit  of  government  where  vehicle  was 
registered  and  where  highway  expen- 
diture was  made 

Maintenance  expenditures 

Expenditure 
per  mile 

Expenditure 
per  vehicle 
registered 

Total 

Rural  areas  ...     .  .     .. 

$374 
502 
687 
897 
758 
980 
365 

$69 
11 
10 
9 
6 
5 
24 

$31,  162,500 

Places  under  2,500. .     

1,662,  30(1 

Places  2,500  to  14,999 

2,  540,  300 

Places  15,000  to  74,999 

2,  197,000 

Places  75,000  to  399,999 

1.  550,  700 

Buffalo 

585,  800 

New  York  City 

19,221.201) 

TotaJ 

586 

-"'. 

58,919,800 

By  legal  interpretation  the  counties  are  responsible 
for  the  maintenance  of  the  State  highways  between 
November  15  and  May  1,  as  the  highway  law  provides 
that  the  State  shall  not  be  liable  for  damages  suffered 
by  any  person  from  defects  on  State  and  county  high- 


ways except  between  the  first  day  of  May  and  the 
fifteenth  day  of  November. 

Town  highways  constitute  by  far  the  largest  mileage 
in  any  one  class  of  roads  or  streets,  totaling  60,025  miles 
or  approximately  (10  percent  of  the  total  mileage  of  the 
State.  All  of  this  mileage  of  town  highways  was  in 
unincorporated  areas  and  more  than  two-thirds  of  it 
was  unsurfaced  in  1932.  The  road-use  survey  shows 
that  town  highways  carried  tin  average  of  8,410  vehicles 
per  mile  per  year,  or  but  ~1.)  vehicles  per  mile  per  day. 
There  are,  of  course,  sizeable  areas,  adjacent  to  incor- 
porated places,  where  town  highways  are  of  consider- 
able importance,  and  the  traffic  on  town  highways  in 
densely  populated  areas  is  much  heavier  than  the  aver- 
age figure  indicates. 

Table  9  shows  that  hi  1932  more  than  $22,500,000 
was  expended  on  the  town  highways  of  New  York,  or 
more  than  $370  on  each  mile  of  the  system. 

The  total  city  and  village  street  mileage  in  the  State 
\\  as  more  than  either  the  county  road  or  the  State  high- 
way mileage,  totaling  10,300  miles.  Of  this,  35.4  per- 
cent was  in  the  city  of  New  York.  Forty  percent  of  all 
highway  expenditures  in  the  State  was  made  by  urban 
communities.  The  State  and  counties  spent  $16,323,900 
on  routes  in  urban  places,  and  the  total  highway  ex- 
penditure was  $102,997,300  in  these  communities. 

A  distinction  is  made  in  these  surveys  between  the 
taxes  imposed  specifically  for  highway  purposes  and 
those  imposts  which  are  eventually  used  for  roads  and 
streets.  The  practice  in  most  communities  is  to  place 
the  proceeds  from  all  imposts  into  a  general  hind  on 
which  vouchers  are  drawn  for  all  purposes.  Highways 
are  supported  by  the  several  types  of  imposts,  therefore, 
in  the  same  ratio  that  the  proceeds  from  these  imposts 
bear  to  the  total  income  of  the  unit  of  government. 
More  than  half  of  the  amount  necessary  to  pay  for  the 
total  highway  costs  in  1932  was  raised  from  specific 
highway  taxes  which  amounted  to  $10.13  per  capita  or 
$55.52  per  vehicle  (table  11).  Over  one-third  of  this 
amount  was  raised  by  levies  on  property.  The  towns 
of  New  York  are  the  only  units  of  government  that  levy 
specific  highway  taxes  on  property,  with  the  exception 
of  special  assessments  levied  on  property  benefited  in 
the  several  villages  and  cities  of  the  State 

Tables  12  and  13  and  figure  2  indicate  that  half  of  the 
cost  of  State  highways  was  financed  by  motor-vehicle 
imposts.  In  addition,  almost  $17,000,000  of  loans  and 
reserves  and  $11,401,700  of  Federal  aid  were  necessary 
to  meet  these  costs.  Table  12  gives  the  breakdown  of 
the  amount  spent  out  of  current  receipts  into  payments 
by  taxpayers  and  mot  or- vehicle  owners  in  the  several 
classes  of  local  units,  and  thus  shows  the  contributions 
by  each  of  these  classes  to  the  expenditures  on  the 
several  highway  systems  and  local  streets. 

EXPENDITURES  FOR  ALL  PURPOSES  AMOUNTED  TO  $108  PER  CAPITA 

The  presentation  of  highway  data  alone  does  not 
give  an  indication  of  the  importance  of  this  activity 
among  all  functions  of  the  various  governmental 
agencies.  It  is  necessary  to  show  the  cost  of  all 
governmental  operations  ami  the  various  sources  from 
which  imposts  are  derived  to  pay  for  the  activities. 

Tax,  expenditure,  and  debt  data  are  shown  in  two 
ways: 

1.  By  unit  of  government  levying  the  tax,  making 
the  expenditure,  or  inclining  the  debt. 

2.  By  actual  incidence  of  tax  payment,  expendi- 
tures made,  and  debt  liability.     This  applies  not  only 
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Table   11. — Specific  highway  taxes  levied  for  collection,  in  1982,  by  class  of  place  ichere  tax  was  paid 

AMOUNTS    OF   IMPOSTS 


Class  of  place  where  tax  was  paid 


Rural  areas.. 

Places  under  '.',.r>i)0 

Places  2,500  to  14,999 
Places  15,(iiio  to  74.999 
Places  75.000  to  399,999. 

Huiralo 

New  York  City 


Total. 


General  prop- 
erty tax 


$13,044,600 

549,  500 

489,  600 

54,  200 


14,137,900 


Special  assess- 
ments 


$302, 300 

399, 900 

905, 100 

4, 232,  500 

455, 300 

25,  727, 700 


32,  022,  800 


Motor-fuel  tax 


$6, 144, 200 
2, 099, 800 
3, 956, 000 
3, 899, 000 
4,  697,  200 
2,017,100 

17,  527,  600 


40,  340,  900 


Registration 
fees 


$6,  246, 700 
2, 158, 800 
4, 137,  300 
3,  846,  300 
4, 163,  000 
l.Wo,  SO0 

14,  474, 100 


36,  987,  000 


Miscellaneous 
charges > 


$615,  700 
212,  600 
409,  000 
385,  400 
402,  600 
183,  600 
1,787,900 


3,  996, 800 


Total 


$26, 051,  200 
5,  323,  000 
9,391,800 
9,  090,  000 

13,  495,  300 
4,  616,  800 

59,  517,  300 


2  127,  4S5,  400 


PERCENTAGE,  PER-CAPITA,  AND    PER-VEHICLE   DISTRIBUTION    OF   IMPOSTS 


Percentage  of  total. 
Amount  per  capita 
Amount  per  vehicle 


11.1 

$1.12 

6.16 


25.1 
$2.  54 
13.95 


31.7 
$3.  21 
17.57 


29.0 
$2.94 
16.11 


3.1 

$0.32 

1.73 


100. 

$10. 13 

55.  52 


1  Drivers'  licenses,  transfers,  etc. 

2  An  additional  $237,800  was  derived  from  nonresidents.    This  amount  was  composed  of  $206,900  registration  fees  and  $30,900  miscellaneous  charges. 

Table   12.- — Approximate  amounts  of  the  1982  taxes  and  imposts  expended  on  New  York  highways  listed  according  to  highway  system, 

type  of  tax,  and  class  of  local  unit  by  which  the  tax  was  paid 

PROPERTY  TAXES 


Paid  by  residents  of— 

State  highways 

County  roads 

Local  roads  and  streets 

All  highways  and 
streets 

Percent- 
age of 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

Amount 

Percent 

total 

Rural  areas _     ... 

$1,780,000 
416,700 
906, 900 
929,  400 
980, 100 
619,600 

5.7 
6.8 
7.3 
7.4 
6.0 
8.5 

$9, 269, 200 
2,170,000 
4, 722, 600 
4, 840, 000 
5, 104, 000 
3,  226,  600 

29.4 

35.4 
38.3 
38.5 
31.4 
44.2 

$20, 436, 700 
3, 550, 000 
6,716,300 
6,812,200 

10, 170,  400 
3,454,100 

44, 807, 300 

04.9 
57.8 
54.4 
54.1 
62.6 
47.3 
100.0 

$31, 485, 900 
8,137,300 

12,345,800 
12,581,000 
16,254,500 
7,  300.  300 
44, 807, 300 

100.0 
100.0 
100.0 
100.0 
100  0 
100.0 
100.0 

Places  under  2,500.    

Places  2,500  to  14,999. 

Places  15,000  to  74,999 

Places  75,000  to  399,999 

Buffalo 

New  York  Citv ..  

Total 

'  5,  632,  700 

4.3 

29, 333, 000 

22.4 

95, 947, 000 

73.3 

130,912,700 

100.0 

60  7 

MOTOR-VEHICLE  IMPOSTS 


Rural  areas 

Places  under  2,500 

Places  2,500  to  14,999.. 
Places  15,000  to  74,999. 
Places  75,000  to  399,999 

Buffalo 

New  York  City... 

Total 


65.0 
05.0 
65.0 
65.0 
65.0 
65.0 
05.0 


34,  100,  300 


65.0 


$1,368,400 
470,  400 
897, 900 
855,  200 
975,  000 
453.  300 
3,  532, 100 


8,  552,  300 


16.3 
16.3 
16.3 
16.3 
16.3 
16.3 
16.3 


16.3 


$1,573,100 
540, 800 

1,032,400 
983,  200 

1,120,900 
521, 100 

4, 060,  700 


9,  832,  200 


18.7 
18.7 
18.7 
18.7 
18.7 
18.7 
18.7 


18  7 


$8,  397, 600 
2, 886,  700 
5.  510, 800 
5,  248, 400 

.-i,ns:;.  ;si:u 
2,781,700 
21,676,300 


-,:>,  is  i  sun 


100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 


100.0 


24.3 


OTHER 

IMPOSTS 

Rural  areas . 

$120, 900 
26, 800 
59,  500 
71,000 

SI.  1)1  III 

39,  900 

33.8 
34.3 
27.9 
23.6 
20.3 
20.9 

$236,  300 
51,  100 

154,  100 
229,  500 

318,1 

150,700 
2,  284,  700 

66.2 
65.7 
72.  1 
76.4 
79.7 
79.1 
100.0 

$357,  200 
78,200 
213,  600 
300,  500 
399, 600 
190,  600 
2,  284,  700 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

Places  under  2,500 

Places  2,500  to  14,999 

Places  15,000  to  74,999 

Places  75,000  to  399,999 

Buffalo 

New  \ork  City 

Total 

399,  100 

10.4 

3,  425.  300 

89.6 

3, 824,  400 

100.0 

1  8 

ALL  TAXES"  AND  IMPOSTS 

Rural  areas 

$7,  236,  100 
2,  292.  200 
4,  487.  400 
4,  339.  400 
4,  867,  500 
2,  426,  900 

14,  083,  500 

18.0 
25.2 
24.8 
23.9 
21.5 
23.6 
20.5 

$10,758,500 
2,  667,  800 
5,  680,  000 

5,  766,  200 

6,  160,000 
3,719,800 
3, 532, 1C0 

26.  7 
29.3 
31.4 
31.8 
27.2 
36.2 
5.1 

$22,  246, 100 
4,  142,  200 

7.  902,  800 

8,  024,  900 
11,609,900 

4.125,900 
51, 152,  700 

55.3 
45.5 
13  s 
44.3 
51.3 
40.2 
74.4 

$40,  240,  700 
9, 102,  200 
18,070,200 
18, 130, 500 
22,  637,  400 
10,  272,  6C0 
68,768,300 

100.0 
100.0 
100.0 
100.0 
100.  C 
100.0 
100.0 

Places  under  2.50C. 

Places  15,000  to  74,999 

Places  75,000  to  399,999... . 

Buffalo 

New  York  City 

Total 

39,  733,  000 
11,401,700 
16,959,600 

21.2 
100.0 
100.0 

38,  284, 400 

20.5 

109,  204,  500 

58.3 

187,221,900 
11,401,700 
16,959,600 

100.0 

100.0 
100.0 

86  8 

Federal  aid . 

5.3 

Loans  and  reserves 

7.9 

Grand  total. 

68, 094, 300 

31.6 

38,  284,  400 

17.8 

109,  204.  500 

50.6 

215,583,200 

100.0 

100  0 

1  Arise,-  from  county  participation  in  financing  right-of-way  and  certain  other  costs  in  connection  with  State  roads. 
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to  State  and  county  data  but  also  to  the  taxes  levied, 
expenditures  made,  and  debt  incurred  by  the  town 
governments.  Their  taxes  are  generally  a  levy  on  the 
village  residents  as  well  as  on  the  residents  of  the  rural 
areas  of  the  town  because  villages  are  a  part  of  the 
town  in  which  thev  are  located. 

In  the  State  as  a  whole,  $1,362,616,300,  or  $108  per 
resident,  was  spent  for  all  activities  of  the  State, 
counties,  and  local  governments  (fig.  3).  Of  this 
amount,  $17  per  capita  was  the  cost  of  highways. 
Twenty-nine  percent  of  the  highway  expenditure  was 
made  by  the  State,  20.4  percent  by  the.  counties, 
and  50.6  percent  by  the  local  governments.  Expend- 
itures by  the  State  for  education  were  only  3.6  per- 
cent of  the  total  for  all  governmental  units,  those  for 
public  benefit  13.8  percent,  and  those  for  government 
14.2  percent. 

Public  benefit  costs  accounted  for  over  55  percent 
of  the  expenditures  for  all  purposes  by  all  govern- 
mental agencies.  Nearly  79  percent  of  these  expendi- 
tures was  made  by  the  local  units  of  government. 
Educational  activities  were  almost  entirely  a  matter  of 
local  concern,  with  96.4  percent  of  the  expenditures 
for  this  purpose  being  made  by  the  towns,  villages, 
cities,  and  school  districts.  The  county  expenditures 
for  education  were  almost  negligible,  amounting  to 
only  1  cent  per  capita,  while  the  State  spent  about  $1 
per  capita  for  these  activities. 

Table  14  shows  that  the  local  units  of  government — 
the  towns,  villages,  cities,  school  districts,  and  special 
districts — spent  more  per  capita  than  did  the  counties 
and  State.  The  State  and  counties  made  most  of  their 
expenditures  for  public  benefit  and  highways.  Expen- 
ditures by  the  local  units  of  government  for  public 
benefit  were  also  large,  but  education  costs  replaced 
those  of  highways  as  second  largest  in  amount. 

Most  of  the  highway  expenditures  by  the  State  and 
the  counties  were  made  in  the  rural  areas.  Added  to 
these  expenditures  were  those  made  by  the  local  units 
of  government  in  their  respective  areas,  bringing  the 
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Figure  2. — Distribution  of  Total  Expenditures  for  High- 
ways and  Streets,  Showing  Sources  of  Funds. 

total  expenditures  for  highways  in  the  rural  areas  to 
$112,585,900,  or  $66  per  capita.  Highway  expendi- 
tures in  the  urban  areas  were  $102,997,300,  or  $9.47 
per  capita. 

Practically  all  of  the  other  expenditures  made  by  the 
State  and  the  counties  were  made  for  the  residents  of 
the  State  in  general  proportion  to  the  population  dis- 
tribution (table  15).  Public  benefit  and  education 
expenditures  in  the  urban  areas  were  more  per  capita 
than  in  the  rural  areas.  This  is  true  because  urban 
communities  maintain  more  expensive  educational 
equipment  and  provide  more  secondary  schools  than 


Table   13. — Funds  expended  on  highways  and  streets  in  New   York  in  1982  and  the  approximate  amounts  and  percentages  of  these 
funds  provided  by  imposts'  and  by  loan  and,  reserve  funds,  as  made  by  the  various  governmental  units 


Governmental  agency  pro 

•iding  funds 

Percentage 
of  total 
current 

tax  funds 

Percent- 
age of 

Highway  system 

Federal 

State 

County 

Local 

Total 

total 
funds 

State  highways: 

i  $16,959,600 
34,  100,300 

$16,959,600 

51,  134,  700 

$11,401,  70(1 

$5,632,700 

25.7 

Total 

11,401.700 
16  ; 

51,059,900 

75.0 

5,632,700 
8.3 

(is,  094,  300 
100.0 

31  6 

County  roads: 

$8,  951,  400 

$29,33:t,(ii)0 

$38,  284.  400 

19.3 

1  oial 

8,  951,  400 
23.4 

29,  333.  000 
76.  6 

38,284,  lim 
100.  0 

17.8 

Local  roads  and  streets: 

2  $13,  257,  500 

$95,947  nun 

$109,204,500 

55.0 

Total 

13,  257.  500 
12.  1 

95,  947.  000 

-.,    Ii 

109,  204.  500 
Kill,  o 

50.0 

All  highways  and  streets: 

$16,959,600 
56,309,200 

$34,965^  .ii" 

"$95,947,666 

$16,959,600 

IMS,  023,  600 

$11.4111,700 

i 

Total ..                                                  

11,401,700 
5.3 

73,  268,  800 

::t  ii 

:;i  965,700 
16.2 

95,947,0110 
11  5 

215,583,200 
100.0 

100.6 

1  Includes  proceeds  of  general  State  improvement  bonds  and  notes  as  of  Dor.  31,  1932,  and  grade  crossing  elimination  bonds  and  notes  as  of  June  30.  1933.  and  grade 
crossing  elimination  funds  used  as  of  June  30,  1933.  ,    , 

'•'  Report  of  the  State  tax  commission,  1932,  and  annual  rcporf  of  the  department  ofaudil  and  control,  Juno  30,  1933. 
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Figure  3. — Per-Capita  Expenditures  for  Different  Pur- 
poses, Distributed  by  Governmental  Units  in  or  for 
Which   Expenditures  Were   Made. 

do  rural  areas,  and  also  support  many' institutions  not 
necessary  in  the  rural  areas. 

The  effect  that  New  York  City  has  on  the  activities 
of  the  entire  State  and  the  proportion  that  the  expendi- 
tures of  this  one  city  bear  to  the  total  for  the  State  are 
illustrated  by  the  fact  that  of  all  expenditures,  59.5 
percent  was  made  in  or  for  the  benefit  of  the  residents 
of  New  York  City. 

Table  14.- — Expenditures,  by  all  units  of  government  in  New  York 
for  various  purposes,  in  1932 


Expenditures  made 

I.N 


State 

Counties 

Towns 

Places  under  2,500 

Places  2,500  to  14,999.. 
Places  15,000  to  74,999 
Places  75,000  to  399,999. 

Buffalo 

New  York  City 

Total 


Total  ex- 
penditures 


$186, 

110, 
85, 
17, 
III, 
57, 
84, 
■12, 

737, 


1,362,616,300 


Per- 
cent 


13.7 
8  I 
6.3 
1.3 
3.0 
4.2 
6.2 
3.1 

54.1 


Kill   II 


Per-capita  expenditures  for 


High- 
ways 


$4.  96 
3   19 

13.16 
4.65 
4.93 
4.88 
4.96 
2.  75 


17.  13 


Edu- 
cation 


$0.  97 
.01 
23.  84 
311  (3 
22.  50 
22.91 

26.  01 
23.51 

27.  28 


26.  o:; 


Public 
benefit 


*s  28 
4.  64 
9.82 
9.00 
17  83 
26.  72 
38.  76 
ll  81 
66  29 


Govern- 
ment 


$0.  60 
.  62 
3.  40 
2.  13 
2  '.12 
2.72 

1    UN 

2.35 
2.94 


Total 


$14.  XI 
8  76 
50.  22 
ir,  11 
Is  is 
57.  23 
73.  SI 
73.  12 

1116  41 

ins  25 


RECAPITULATION 


State.. 

Counties..                .    . 

Local  governments .    . 

$186,  129,300 

1111.312,200 
1.065,  S74,  SOU 

13.7 
8.  1 

7S.2 

$4.96 
3.49 
8.68 

$0.97 

.01 

25.  95 

$8.  28 
4.  64 

47.  01 

$0.60 

.62 
3.04 

$1  1  81 

S.  76 
84.  68 

100.0 

17.13 

26  93 

59.93 

4.26 

108.  25 

Table  15.- — Expenditures  by  Slate,  counties,  and  local  govern- 
ments for  various  purposes,  showing  unit  of  govern  until  in  or  for 
which  expenditure  was  made  in  1932 


Expenditures  made  in 
or  for  residents  of— 

Total  ex- 
penditures 

Per- 
cent 

Per-capita  expenditures  for— 

High- 
ways 

Edu- 
cation 

Public 
benefit 

Govern- 
ment 

Total 

Rural  areas 

Places  under  2,500 
Places  2,500  to  14,999 
Places  15,000  to  74,999 
Places  75,000  to  399.999. 
Buffalo 

$206,  827,  400 
29, 607, 100 
67, 266,  300 
80,561,000 
114.071,900 
53,  952,  SOU 
810,  329,  800 

15.2 
2.2 

1.9 
5.9 
8   I 
3.9 
59.5 

$65.  76 
11.63 
8.  17 
6.18 
8.81 
3.82 
10.57 

$24. 83 
31  60 
23.  48 
23.  88 

27.  02 
2-1.  54 
28.25 

$25.  92 
30  13 

41.50 
45.26 
57.  45 
61.53 

74.  56 

$4.30 

5.  91 

6.  26 
4.90 
5.99 
4.26 
3.54 

$120.81 
79.  57 
79.  41 
80.22 
99.  27 
94.15 
116.92 

New  York  City . 

Total 

1,362,616,300 

100.0 

17.  13 

26.93 

59.93 

4.26 

108  25 

RECAPITULATION 

Rural  areas..   .     . 

$206,  827,  400 
1,155,788,900 

15.2 
84.8 

$65.  76 
9.47 

$24.  83 
27.26 

$25.  92 
65.28 

$4.30 
4.26 

$120.  81 
106.  27 

Urban  areas 

Total 

1,  362,  616, 300 
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STATE   COUNTY  TOWNS    RURAL      PLACES       PLACES  PLACES  PLACES      BUFFALO    NEW  YORK 

UNDER           2,500  15.000  75,000                                CITY 

2,500              TO  TO                 TO 

14,999  74.000  399,999 

Figure  4. — Imposts  as  Levied  and  as  Paid  by  the  Several 
Units  of  Government  of  New  York  in  1932. 

local  units  of  government  levied  74  percent  of  all  imposts 

Tables  16  and  17  and  figure  4  give  a  comparison 
between  the  imposts  levied  by  a  unit  of  government 
and  the  taxes  which  its  residents  must  pay.  From 
these  tables  the  proportion  that  each  kind  of  impost 
levied — property,  motor-vehicle,  other  taxes,  and  mis- 
cellaneous imposts — bears  to  the  total  of  all  taxes  can 
be  seen.  Thus,  of  the  total  of  $96  per  capita  which 
residents  of  New  York  paid  to  the  State,  counties,  and 
local  units  of  government  in  taxes,  $20  or  20.5  percent 
was  levied  by  the  State  and  $6  or  5.8  percent  by  the 
counties,  while  the  local  units  levied  the  remainder, 
$71  or  73.7  percent.  It  is  evident  that  the  local  units 
of  government  created  the  largest  tax  bill  in  the  levy 
of  imposts  for  carrying  out  of  their  own  local  functions. 
In  this  respect,  New  York  City  was  highest  with  $86 
per  capita. 

The  State  obtained  little  of  its  income  from  the 
general  property  tax.  The  court  stenographers'  and 
armory  taxes  were  levies  on  general  property,  but  the 
proceeds  were  distributed  to  the  counties  and  judicial 
districts  of  the  State  and  were  not  used  for  State  pur- 
poses. The  greatest  share  of  State  imposts  came 
from  motor-vehicle  and  other  imposts,  such  as  personal 

Table   16.- — Total  and  per-capita  amounts  of  imposts  levied  by  the 
several  units  of  government  in  1932 


Total  of  all 
imposts 

Per- 
cent 

Imposts  per  capita 

Levied  by- 

Prop- 
erty 
taxes 

.Motor- 
vehicle 
imposts 

Other 
taxes 

Mis- 
cella- 
neous 

Total 

State 

$248,  519,  600 
70,952,400 
66,  474,  200 
12,096,600 
37.424.  7IIU 
59.  21H.  7(HI 
83,  210,  700 
39,  153,  100 
595,  529,  800 

20.5 
5.8 
5.5 
1.0 
3.1 
4.9 
6.9 
3.2 

49.1 

$0.08 
5.24 
37.  26 
30.89 
41.40 
56  3d 
70. 82 
66.86 
79.97 

$6.  46 

$13. 20 

$0.40 
1.57 
1.62 
2.78 
2.60 
1.60 
1.46 
5.96 

$19.  74 
5.64 

38.83 

Places  under  2,500 

32.51 

Places  2,500  to  14,999 

44.18 

Places  15,000  to  74,999 

58.96 

Places  75,000  to  399,999. 
Buffalo 

72.42 

68.32 

New  York  City 

85.93 

Total...     . 

1,212,571,800 

100.0 

72.13 

6.46 

13.20 

4.54 

96.33 

RECAPITULATION 


State  

$248,  519,  600 

70, 952,  400 

893, 099, 800 

20.5 

5.8 

73.7 

$0.08 

5.24 

66.81 

$6.46 

$13.20 

$0.40 
4.14 

$19.  74 
5.64 

Local  governments 

70.95 

Total  .. 

1,  212,  571, 800 

inn  n 

72.13 

6.46 

13.20 

4.54 

96.33 
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Table  17. — Total  and   per-capita  amounts  of  imposts   as  finally 
/mil/  by  the  residents  of  the  several  classes  of  places  in  1932 


Paid  by  residents 
of— 


Rural  areas   -  -  -     -  -  - 

Places  under  2,500   . 
Places  2,500  to  14,999 
Places  15,000  In  74,999 
Places  75,000  to  399,999. 

Buffalo 

New  York  City 

Total 


Total  of  all 
imposts 


$110,841,  100 
27,550,300 
71,019,  700 
90,381,  100 

117,028,  100 
56,991,500 

732,  75:!,  TOO 


1,212,571,800 


Per- 
cent 


'.I.  0 

1.7 

60.  1 

no  ii 


Imposts  per  capita 


Proper- 
ty taxes 


$46.  NT 
is  02 
57.  24 
07.  70 
80.  98 
79.  72 
80.01 


Motor- 
vehicle 
imposts 


$7.  60 
12.02 
III  01 
8,  Hi 
8.  06 
7.  62 
1.85 


6   16 


Other 

I  axes 


$11.25 
11.  13 
12  83 

III  87 
III  54 

9.  33 

14.91 


13.  20 


Miscel- 
laneous 
income 


2  59 
3.  73 
3.24 


2.  7s 


I  54 


Total 


$68.  25 
74.06 
83  84 
90.  00 

101.85 
99.  45 

105.  73 


96    ;; 


RECAPITULATION 

Rural  areas 

Urban  areas 

$116,841,  100 
1,095,730,700 

9.  6 
90.  1 

$40.  87 
70.  1" 

$7.  0(1 
6,  28 

$11   25 
13.51 

$2  53 

1  86 

$68.  25 

Kill.  75 

Total 

1,  212,  u  1,800 

on  ii 

72.  13 

6,  40 

13.  20 

4  54 

96  33 

Table   18.- — Properly  tax  rales  p<  r  $100  valuation  ami  their  relation 
to  the  total  of  all  imposts  in  1932 


Paid  by  residents  of— 


Rural  area 

i  ici     under  -'.alio 
Places  2.500  tci  1  1,999 
Places  15,000  to  74,999 
Places  75,0110  to   199,999 
Buffalo  ..     .... 

New  York  City 

\  \  erage  for  State 


Actual  tax 
i  ate  on 
properl  j 


J2  25 
1.70 

2  24 

3  18 
3.  33 
3.34 
1.  52 


2.59 


Tax  rale 
needed  I" 

raise  all 

I  a  -.  i  ■      hi 

properl  5 
levies 


Percentage 

that  property 
taxes  arc  of 
all  imposts 


$3  28 

2.  62 
a  28 
I.  23 

I  10 
I  is 

3.  33 


3   45 


68.  7 

1,1  s 
os.  :\ 

79  5 
80.4 

75.  7 


71  0 


and  business  income  taxes, 
estate  taxes,  and  bank 
taxes. 

All  but  7  percent  of  the 
county  taxes  in  1932  were 
derived  from  the  property- 
tax.  The  local  units  of 
government  levied  $840,- 
890,200  in  property  taxes 
or  over  94  percent  of  their 
total  imposts.  In  addition 
to  these  imposts  received 
by  the  counties  and  the 
local  units  of  government, 
there  was  available  for 
their  use  the  funds  sup- 
plied by  Federal  and  State 
grants  and  aids.  That  is, 
while  the  State  levied  and 
administered  $248,519,600 
in  taxes,  a  large  share  of 

this   amount   was    distrib-     | 

uted   among   the   counties 

and  localities  in  the  form  of  aids,  and  only  a  relatively 

small  portion  was  used  for  State  purposes  exclusively. 

Motor-vehicle  imposts  were  levied  only  by 'the  State 
government,  and  they  totaled  $81,324,700  or  nearly 
7  percent  of  the  imposts  of  all  units  of  government 
from  all  sources. 

All  State  and  county  levies  are  eventually  paid  by 
the  residents  of  either  rural  or  urban  areas  of  the  State. 
Thus,  the  imposts  received  by  the  State  and  counties 
were  distributed  among  the  local  units  of  government 
in  the  approximate  amounts  which  they  were  respon- 
sible for  paying  to  the  larger  governmental  units.  In 
New  York  City,  for  example,  which  levied  imposts  in 
the  amount  of  $85.93  per  capita,  an  additional  $19.80 
was  collected  from  its  residents  in  order  to  pay  the 
State  imposts  levied  against  the  area. 

Table  18  and  figure  5  are  of  special  significance,  as 
they  give  a  comparison  between  the  tax  rates  on  prop- 
erty and  the  rates  applicable  if  all  imposts  were  derived 
from  a  property  levy.  As  an  example  of  the  facts  pre- 
sented in  the  table,  the  actual  tax  rate  on  property 
because  of  property  levies  in  the  rural  areas  was  $2.25 
per  $100  of  full  value.     If  all  imposts  had  been  obtained 
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NEW  YORK  EXPENDITURES  IN  1932 

The  total  expenditures  for  all  purposes  (ex- 
clusive of  principal  payments  on  bonds  and 
loans)  by  all  units  of  government  in  1932  were 
$1,362,616,300,  of  which  $215,583,200  was  ex- 
pended for  highways  and  streets,  $339,026,700 
for  education,  $754,353,700  for  public  benefit, 
and  $53,652,700  for  other  governmental  pur- 
poses. 

Expenditures  by  the  State  were  $186,429,300; 
by  the  counties,  $110,312,200;  by  New  York 
City,  $737,442,000;  by  other  incorporated 
places,  $242,447,300;  and  by  the  towns, 
$85,985,500. 

Of  the  total  expenditures,  15.2  percent  was 
made  in  rural  areas;  25.3  percent  in  incor- 
porated places  other  than  New  York  City;  and 
59.5  percent  in  New  York  City. 


from  a  property  levy,  property  would  have  had  to  pay 
$3.28  per  $100  of  value. 

It  is  also  evident  that  in  the  State  as  a  whole  the 
property  levies  constituted  the  major  source  of  reve- 
nue—74.9    percent.     The   ratio   of   property  levies   to 

total  imposts  was  highest 
in  Bullalo  where  80.4  per- 
cent of  the  revenues  was 
derived  from  the  taxes  on 
property. 

Table  19  and  figure  6 
show  relations  between  the 
taxes  paid  by  a  community 
and  the  expenditures  made 
in  or  for  the  benefit  of  the 
community  by  State,  coun- 
ty, and  local  governments. 
In  rural  areas,  incorpo- 
rated places  under  2,500, 
and  in  New  York  City,  ex- 
penditures by  and  for  the 
community  exceeded  the 
taxes  paid.  In  the  other 
incorporated  places  ex- 
penditures ranged  from  89 
to  97  percent  of  taxes  paid. 
For  the  State  as  a  whole 
expenditures     exceed  ed 


taxes.  This  situation  was 
due  in  a  large  measure  to  the  financing  by  borrowings 
necessitated  primarily  by  heavy  expenditures  for  relief. 

Table  19. — Imposts  paid  by  and  expenditures  made  in  or  for  the 
benefit  of  residents  of  the  several  classes  of  places  in  1932 


Place 


Rural  areas 

Places  under  2,500  ... 
Places  2,500  to  14,999.. 
Places  15.000  to  74. '.wo 
Places  75,000  to  399,999 

Buffalo 

New  York  City...   . 


Total.. 


Imposts 


Total 
amount 


$116,841,  100 
27.  550,  300 
71,019,700 
90, 381.40C 

1 17,  028,  100 
56,991,500 

7:52.753,  701) 


1,212,571,800 


Per- 
ceni 


9.0 
2.3 
5.9 
7.4 
0.7 
4.7 
60   l 


Per 

capita 


100.  0 


$08.  25 
74.06 
s:i  si 
90  00 

101.85 
99   15 

105.  73 


96.  33 


Expenditures 


Total 
amount 


$206,827,  100 
29,607,  100 
67,266,300 
80,561,000 

111.  071. '.ion 

53,952,800 

810,329,800 


1.302.010,300 


Per- 
cent 


15.2 
2.2 
4.0 
5.  9 
s  4 
3.9 

59.  5 


100.0 


Per 

capita 


$120.81 
70  57 
79.41 
so  ..' 
99.27 
94.  15 
116.92 


10S.  25 


Ratio 
of  ex- 
pendi- 
tures 

to 
taxes 


1.77 
1.07 
.05 
.so 
.07 
.95 
1.11 

1.12 


RECAPITULATION 

Rural  areas 

Urban  areas . 

$116,841,  mo 
1,095,730,700 

9.6  $68  25 
90.4  100.75 

$206,827,  mn 
1,155,788,900 

15.2 

sl.s 

$120.81 
106.  27 

1.77 
1.05 

Total 

1,212,571, son 

Kill  0 

96.33 

1,302.010,300 

mo  0 

108.25 

1.12 
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Figtjee  ;r).—  Actual  Tax  Rates  on  General  Property  in  the  Several  Classes  of  Places,  and  Rates  Needed  to  Raise  all 

Taxes  by  Property  Levies. 
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Figure  6. — Per-Capita  Taxes  Paid  by  and  Expenditures 
Made  for  Residents  of  the  Several  Units  of  Govern- 
ment by  all  Governmental  Agencies  in  New  York  in 
1932. 

LOCAL   UNITS  OF  GOVERNMENT   MADE  78   PERCENT  OF  ALL 
GOVERNMENTAL  EXPENDITURES 

Tables  20,  21,  and  22  give  the  amounts  of  taxes  levied 
and  expenditures  made  by  the  local  communities  in  rela- 
tion to  similar  transactions  for  the  community  by  the 
State  and  county.  For  example,  53  percent  of  the  taxes 
paid  by  residents  of  the  rural  areas  were  levied  by  the 
local  governments  and  47  percent  by  the  State  and 
county  (table  20).  Of  the  $206,827,400  of  expenditures 
made  in  or  for  the  benefit  of  rural  residents,  however, 
61.6  percent  was  by  State  and  county  and  38.4  percent 
by  the  local  imit  of  government  itself. 

Tbe  primary  debt  and  debt  service  data  for  New- 
York  in  1932  are  summarized  in  tables  23,  24,  and  25. 
Of  particular  importance  are  the  following  facts: 

1.  Over  one-half  (53.5  percent)  of  the  outstanding 
debt  was  originally  incurred  for  public  benefit  pur- 
poses. 


2.  New  York  City  itself  had  outstanding  over  one- 
half  (58.4  percent)  of  the  entire  debt  incurred  by  all 
units  of  government  and  was  liable  for  the  payment  of 
66.5  percent  of  all  debt. 

3.  Local  debt  for  public  benefit  constituted  55.5 
percent  of  the  total  local  debt  outstanding. 

4.  The  outstanding  debt  per  capita  for  all  purposes 
was  $299.94,  of  which  $240.71  was  local  debt. 

5.  Rural  areas  (which  incurred  4.4  percent  of  the 
outstanding  debt)  were  liable  for  the  payment  of  7.7 
percent  of  the  total  debt. 

6.  Interest  and  principal  payments  on  short-term 
debt  constituted  74.1  percent  of  all  debt-service  costs. 

7.  Interest  payments  were  but  12.9  percent  of  the 
debt  service  costs;  retirements  constituted  the  remain- 
ing 87.1  percent. 

The  incidence  of  motor-vehicle  imposts  was  deter- 
mined by  an  analysis  of  over  100,000  registration  ap- 
plications and  the  replies  to  as  many  questionnaires 
distributed  to  motor-vehicle  owners  throughout  the 
State.  In  the  analysis  the  data  from  the  State 
motor-vehicle  bureau  were  grouped  under  the  fol- 
lowing designations:  "Cars"  include  passenger  cars, 
taxis,  and  the  majority  of  dealer  registrations;  "trucks 
and  busses"  consist  of  busses  (from  the  State  om- 
nibus classification),  commercial  vehicles,  ambulances, 
suburban  cars,  and  a  small  number  of  vehicles  with 
dealer  licenses;  trailers  and  motorcycles  are  "other" 
vehicles. 

The  New  York  motor-vehicle  bureau  licensed 
2,302,259  vehicles4  in  1932,  of  which  6,196  vehicles  were 
registered  by  nonresidents.  The  residents  of  New  York 
State,  therefore,  procured  licenses  for  2,296,063  vehicles. 
Most  of  the  vehicles  registered  were  cars — 84.3  percent 
(table  26).  The  proportion  of  cars  to  trucks  remained 
fairly  constant  except  in  the  rural  areas  where,  as  would 
be  expected,  there  were  relatively  more  trucks  than  in 
the  urban  areas.  In  rural  areas  a  truck  is  often  the 
only  vehicle  owned,  serving  both  as  pleasure  and  busi- 
ness vehicle.  Or  if  a  passenger  car  is  owned,  a  truck  is 
usually  also  necessary. 

*  This  registration  figure  differs  from  a  previous  figure  released  by  the  Bureau 
because  of  inaccuracies  in  the  figures  originally  reported  by  the  State. 
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Table  20. — Imposts  paid  by  and  expenditures  made  in  or  for  the  benefit  of  residents  of  rural  areas  in  1932 
CLASSIFICATION  OF  TAXES  AND  GOVERMENTAL  UNIT  LEVYING  THEM 


Item 

State  and  county 

Local  government 

All  governments 

Total  amount 

Percent 

Per 

capita 

Total  amount 

Percent 

Per 
capita 

Total  amount 

Percent 

Per 
capita 

IMPOST 
Property: 

Amount 

$21,  061,  700 
26.  2 

$13,006,  COO 
100.0 

$20,903,900 
88.6 

38.3 

$12.30 

$59,  189,  200 
73  8 

95.7 

$34.57 

$80,250,900 
100.0 

$13,006,600 
100.0 

$23,583,600 

100.0 

68.7 

$46.  87 

Percent 

Motor  vehicle: 

23.7 

7.60 

11.1 

7.60 

Percent 

Other: 
Amount _____     ... 

38.  0 

12.21 

$2,  679, 700 

11.  4 

4.3 

1.57 

20.2 

13.78 

Total: 
Amount-  .   

$54, 972,  200 
47.0 

100  " 

32.11 

$61,868,900 

53.0 

100.0 

36.14 

$116,841,100 
100.0 

100.  0 

68.  25 

CLASSIFICATION  OF  EXPENDITURES  BY  PURPOSE  AND  BY  GOVERMENTAL  UNIT  MAKING  THEM 


EXPENDED    FOR 
Highways: 

Amount.  __ 

Percent —  

$90,  (15 1.  si  in 
80  n 

$1,686,  li  in 
4.0 

$32,099,300 
72.  3 

$3,51'-'.  300 
47.7 

70.7 

$52.60 

$22,531,100 
20.0 

$40,  815,  000 
96.0 

$12,270,100 
27.7 

3,858,400 
52.3 

28.  3 

$13.16 

$112,585,900 
100.0 

$42,  501,  400 
100.0 

$44, 369,  400 
100.0 

$7, 370, 700 
100.0 

54.4 

$65. 76 

Education: 
Amount 

1.3 

.99 

51.4 

23.  84 

20.5 

24.83 

Percent 

Public  benefit- 
Amount _  

Percent 

25.2 

IX  75 

15   1 

7.17 

21.5 

25.  92 

Government: 

2.8 

2.05 

4.9 

2  25 

3.6 

1.  30 

Percent. __ 

Total: 
Amount, 

$127,352,800 
61.6 

100.0 

74.39 

$79,  474,  600 
38.4 

100  ii 

IC  42 

$206,  827,  400 
100.  0 

100.0 

120.81 

Percent 

Table  21.- — Imposts  paid  by  and  expenditures  made  in  or  for  the  benefit  of  residents  of  urban  areas  in  1982 

CLASSIFICATION  OF  TAXES  AND  GOVERNMENTAL  UNIT  LEVYING  THEM 


Item 

and  county 

Local  governmenl 

All  governments 

Total  amount 

Percent 
17.4 

Per 

capita 

Total  amount 

Percent 

Per 

capita 

Total  amount 

Percent 

Per 
capita 

IMPOST 

Property: 

Amount ...     .  ..  .  

Percent .  _  _.  

Motor  vehicle: 
Amount _  ...  ..  _  _ 

$45,989,800 

{68,318,  100 

mi)  ii 

$150,  191,900 
75.  2 

$4  23 

$781,701,000 
94.  l 

94.0 

$71.87 

$827,690,800 
100.  n 

$68, 318, 100 
100.0 

$199,721,800 
100.0 

75.6 

$76.  io 

25. 8 

6.  28 

6.  2 

6  28 

Percent 

Other: 

Amount...  _  .  .  ...  _  

Percent 

56  8 

13.81 

$49,  529,  900 
24.8 

6.0 

1.56 

18.  2 

18.37 

Total- 
Amount    ...     .  _     . 

Percent .. 

$264,499,800 
21  1 

100.0 

24.32 

$831,  230.  900 
75.9 

100.0 

76.  43 

$1, 095,  730.  700 
100.0 

100.0 

100.  75 

CLASSIFICATION  OF  EXPENDITURES  BY 


EXPENDED  FOR 
Highways: 

Amount ..               .     .     .     ._„. 

Percent 

$16,323,900 
15.8 

$10,602.7iiii 
:;  6 

$130,  52S.  600 
18.4 

$11,93 

25.  s 

:i  (, 

$]   50 

$86,  673,  400 
84.2 

$285,  922,  600 
96.4 

$571),  455.  700 
81.6 

$34,  348,  500 
71   2 

8.8 

$7  07 

$102, 997, 300 
100.0 

$296,  525.  300 
100.0 

$709, 984,  300 
100.0 

$46,  282, 000 
100  ii 

8.9 

$'.(     17 

Education: 
Amount ... 

6.3 

.97 

29.0 

' 

25.  7 

27.26 

Public  benefit: 
Amount .       ...   .. 

77   1 

12.0(1 

58.7 

53  28 

61.4 

65.28 

Government 
Amount.                    .....      ..                         .... 

7.0 

1.  10 

3  5 

4.0 

1  26 

Total: 
Amount .  .           .           ...     

$169,388,700 
14.7 

100  0 

15.57 

$986,  400,  200 
85.3 

100.0 

90.70 

$1,  155,788,900 
100.0 

100.  0 

100.  27 
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Table  22. — Imposts  paid  by  and  expenditures  made  in  or  for  the  benefit  of  residents  of  all  units  of  government  of  New  York  Slate  in  19S2 

CLASSIFICATION7  OF  TAXES  AND  GOVERNMENTAL  UNIT  LEVYING  THEM 


Item 

Suite  i 

nd  counts 

Local  government 

All  governments 

Total  amount 

Percent 

Per 

capita 

Total  amount 

Percent 

Per 
capita 

Total  amount 

Percent 

Per 
capita 

Propertj  : 

Percent 
Motor  vehicle: 

IMPOST 

$07,051,  500 

,    I 

$81,324   

100.0 

$171,095,800 
76.fi 

21.0 

$5  33 

$840,890,  2(H) 
92.6 

94.2 

$66,  80 

$'.1117,  '.Ml,  7i  in 
100.0 

$81,324,700 

100.11 

$223,  305.  400 
100.0 

74.9 

6  7 

$72   13 

$6,  16 

$6.  46 

other: 

53.  5 

$13.59 

$52,  209,600 
23.  4 

5.8 

$4. 15 

18.4 

$17.71 

Total: 

\: ml 

$319,472,000 
26  3 

100.  0 

$25.  38 

$893,099,800 

73.7 

100.0 

$70. 95 

$1,212,571,800 
100.0 

Hid.  n 

''».  ::.; 

CLASSIFICATION  OF  EXPENDITURES  BY  PURPOSE  AND  BY  GOVERNMENTAL  UNIT  MAKING  THEM 


EXPENDED  FOR 


Highways: 

Amount. .. 

Percent..   . 
Education: 

Amount.  .. 

Percent  — 
Public  benefit 

Amount     . 

Percent- 
Government 

Amount. .. 

Percent 


Total: 

Amount 
Percent 


$106, 
$12, 

$162, 
$15, 


378,700 
49.  3 

289,  100 

3.0 

627,900 
21  6 

445,800 
28.  8 


$296,741,500 

21    S 


35.8 

*s   15 

4.2 

$0.98 

54.8 

$12.  92 

5.2 

$1.  22 

100.0 

$23.  57 

$109,  204,  500 
50.7 

$326,  737.  600 
96.  1 

$591,  727,  800 
7S.  i 

$38,206,900 

71.2 


[il,  065, 874, 800 

78.  2 


111.2 


30.7 


3.  6 


$8.68 


$25.  95 
$47.  01 


$3.  04 


$84.  r.s 


$215,583,200 
100.0 

$339,  026,  700 
100.0 

$754.  353,  700 
100. 0 

$53,652,700 

100.0 


$1,362,616,300 




1  ,V  8 


21.  9 
55.4 


3.9 


$17. 13 


$26.  93 
$59.  93 


.  26 


$108.  25 


Table  23. —  Total  debt  outstanding  in  19S2,  showing  purpose  and 
unit  of  government  by  which  -incurred 


Unit  of  govern- 
ment by  which 
incurred 


State: 

Amount 

Percent 

Per  capita.  .. 

Counties: 

\iiionnt 

Percent 

Per  capita  . .. 

Local    govern- 
ments: 

Amount 

Percent 
Per  capita 


Total: 
Amount- 
Percent 

Per  capit 


Purpose  for  which  originally  incurred 


Highways 


(102,027    100 

•ii  5 
$8.  1 1 

$90,000,400 
36.  3 

$7,  15 


SIM.", 


961,  Km 

11    I 

$34.63 


$627 


$.7.  592,  700 
1.1 

$0.  41 


9(111 


$565,810,400 
18.6 

$11.95 


9SS,  600  $571    109,000 

15.  1 

(49.89  $45.39 


Public 
benefit 


(87,800 
15.  3 

$17.91 

$114,427,  100 
40.  2 

$9,(19 


$1,680,032,800 
55.  5 

$  1 33.  51 


12,  Ii2ii,5l7,7iiil 

53.  5 

$160  51 


( lovern- 
menl 


$164,843,600 

33.1 

$13. 10 

$43, 198, 800 

17.5 

$3.43 


$347, 


'42,  600 

11.5 

$27.  02 


5,  785,  000 
14. 
$44.  I 


$197 


$247 


951,200 

100.0 
$39  56 

632,200 

100.  0 
$19.07 


$3,030,140,900 

Kill  0 
$240.71 


$3,775,730.3(111 

100  0 

$299.  94 


1  Less  Hem  o.l  percent. 


Less  l.han  $0.01. 


The  extent  of  the  influence  of  New  York  City  regis- 
trations on  the  average  for  the  State  is  readily  apparent. 
The  heavy  traffic  conditions,  inaccessibility  to  through 
routes,  and  large  proportion  of  persons  unable  to  finance 
an  automobile  account  for  the  relatively  low  registra- 
tion in  this  area.  Registration  figures  possess  more 
significance  when  expressed  in  terms  of  persons  per 
vehicle  (table  26).  The  following  relations  are  appar- 
ent: (1)  There  were  more  vehicles  compared  to  popula- 
tion in  rural  than  in  urban  areas;  (2)  the  proportion  of 
trucks  registered  in  rural  areas  to  those  in  urban  places 
was  greater  than  the  proportion  of  cars  in  the  rural 
areas  to  those  in  the  urban  areas;  (3)  the  small  incorpo- 
rated communities  had   relatively   more   registrations 


Table  24. — Liability  of  residents  of  rural  and  urban  areas  for 
payment  of  outstanding  debt  of  Stair,  counties,  and  local  govern- 
ments in  1932 


l  lebl  liabilit  \  of  resident:  of 


Rural  areas 

Places  under  2,500 

Places  2,500  to  n. 909  ._ 
Places  15.000  to  74.999- 
Places  75,000  to  399.999. 

Buffalo 

New  York  City 


Total. 


Total  debt 
liability 


$290,  686, 000 
70,  638, 400 
200.  S08, 300 
215,964.300 
323,  937,  000 
160,  595, 100 
2,  513, 158,  300 


3.  775.  787.  ion 


Percent 


7.7 
1.9 
5.3 
5.7 
8.6 
1  I 
66.  5 


100.  0 


Amount 
per  capita 


$169.79 
189. 88 

237.  05 
215.06 
281.  91 
280.  23 
362.  63 


299  95 


RECAPITULATION 


290,686,000 

3,  485.  101,  400 

92^3 

169.  79 

Urban  areas            .        ..    

320.  44 

Total                                  . 

3,775,787   100 

100.0 

299  95 

Table  25.- — Total  debt  service  payments  by  all  units  of  government 

in  1982 


Item 

Total  amount 

Percent 

Percentage 
of  total 

Amount 
per  capita 

Bonded  debt: 

Interest 

$134,430,  urn 
148, 703,  900 

47.5 

.52.  5 



$10.68 
11.81 

Total  . 

283, 134, 300 

100.0 

25.9 

22.  49 

Short-term  del 9 

7,  218,  800 
804,  376,  700 

.9 

99.1 

.57 

63.90 

Total 

811,595,500 

100.0 

74.1 

64.47 

All  debt: 

141,649,200 
953.  080,  600 

12.9 

s7    1 

11.25 

75.71 

Total 

1,094,729,800 

100.0 

100.0 

86.96 
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Table  26. — Number  and  types  of  motor  vehicles  registered  mid 
persons  per  vehicle  in  1932,  by  place  of  registration 


Type  of  vehicles  registered 

o 
"o 
ba 

C3 

a 

eu 

Persons  per 
vehicle 

Place  of  registration 

(9 

bfi 
a  en 

en  0 

03 

■a 
a 

u  3 
3.Q 

a 

O 

o 

CD 

be 

a  en 

s « 

en  u 

cej 

a. 

■a 

a 

C3  en 

o 

r- 

Rural  areas 

Number 
360,531 
127,867 
225,  224 
212,  773 
232,  915 
110,708 
'■'.'..  ■..:-. 

Number 
81,  581 
19, 199 
34,810 
31,  571 
29,  690 
13,933 
121,234 

Number 
6,  334 
1,632 
2,  920 
2,891 
3,063 
1,320 
8,  929 

Number 
448,  in. 
14s,  69', 
262,954 
247,  235 
265,  668 
125,961 
797,  101 

Per- 

cent 
19  5 

6  . 
ll   l 
Ii:  8 
II   6 

34.7 

4.7 
2.9 
3.8 
1.7 

4.9 
5.  2 

111    4 

21.0 

19,  1 
24.3 
31.8 

38.7 
41.  1 
57.2 

3.8 

2.  5 

3.  2 

4.  1 
4.:s 
4.  5 
8.7 

Places  under  2,500 

Places  2,500  to  14,999 

Places  15,000  to  74,999 

Places  75,000  to  399,999,  _ 

Buffalo 

New  York  City..- 

Total 

1,  936,  956 

332,  018 

27,089 

2,  296,  063 

100.  0 

6.5 

37.9 

5.5 

RECAPITULATION 


Rural  areas. 

360, 531 
1,  576,  425 

81,  581 
250, 437 

6,  334 

20   -  >5 

448,  446 

1.847,617 

19.5 
80.5 

4.7 
0.9 

21.0 
13   1 

3.8 

5  9 

Urban  areas 

Total 

Percentage  of  total. 

1, 936, 956 
84.3 

332, 018 

14.5 

27,  089 
1.2 

2,  296,  063 
100.0 

100.0 

6.5 

5.5 

NUMBER    REGISTERED 
REGISTRATION   FEES    AND 
GASOLINE  TAXES    PAI0 


n 


than  any  of  the  other  units 
of  government;  and  (4)  ex- 
clusive of  the  incorporated 
communities  under  15,000, 
the  proportionate  number 
of  vehicles  decreased  as  the 
population  increased. 

MOTOR-VEHICLE  IMPOSTS  PRO- 
VIDED $67  OF  EACH  $1,000  OF 
TAXES  IN  1932 

License  fees  collected  for 
the  1932  registration  vear 
amounted  to  $37,193,900. 
Nonresidents  obtained  li- 
censes for  6,196  vehicles 
and  paid  $206,900.  New 
York  residents  obtained  li- 
censes for  2,296,063  vehicles 
and  paid  ,$36,987,000  (table 
27).  Cars  comprised  84.3 
percent  of  the  vehicle  reg- 
istrations, and  73  percent  of 
the  registration  fees  were 
paid  for  them  (fig.  7).  This 
difference  is  caused  by  the 
lower  fees  paid  by  passenger 
vehicles.  The  contrast  be- 
tween rural  and  urban  areas 
is    interesting.     Passenger 

cars  in  rural  areas  constituted  80.4  percent  of  the  rural 
registrations  and  73.2  percent  of  the  rural  registration 
fees  were  paid  for  them,  while  cars  in  urban  places 
comprised  85.3  percent  of  the  urban  registrations  and 
only  72.9  percent  of  the  urban  registration  fees  were 
paid  for  them.  Passenger  cars  owned  by  rural  resident  s 
comprised  18.6  percent  of  the  total  State  passenger-car 
registration  and  16.9  percent  of  the  passenger-car  reg- 
istration fees  were  paid  for  them.  The  proportionate 
difference  is  even  greater  for  trucks. 


PASSENGER   CARS  TRUCKS  AND  BUSSES  OTHER   VEHICLES 

Figure  7. — Percentage  Distribution  of  all  Vehicles  by 
Number  Registered  and  by  Registration  Fees  and 
Gasoline  Taxes  Paid. 

The  explanations  for  these  differences  are  apparent 
from  table  27,  which  gives  the  per-vehicle  fees.  For 
both  cars  and  trucks  in  the  rural  areas  lower  registra- 
tion fees  were  paid  than  for  vehicles  in  urban  places 

(fig.  8).    This  was  expected 


HIGHWAY  TAXES  AND  HIGHWAY 
EXPENDITURES 

Expenditures  on  the  State  highway  system  in 
1932  were  $68,094,300;  on  the  county  system, 
$38,284,400;  and  on  local  roads  and  streets, 
$109,204,500. 

Of  the  total  property  taxes  expended  on  all 
roads  and  streets,  4.3  percent  was  expended  on 
State  highways;  22.4  percent  on  county  roads; 
and  73.3  percent  on  local  roads  and  streets. 

Of  the  total  motor- vehicle  imposts  expended 
on  all  roads  and  streets,  65  percent  was  ex- 
pended on  the  State  system,  16.3  percent  on 
county  roads,  and  18.7  percent  on  local  roads 
and  streets. 

Of  all  taxes  and  imposts  expended  on  roads 
and  streets,  rural  property  and  motor-vehicle 
owners  paid  21.5  percent,  and  travel  by  rural 
owned  vehicles  made  up  18.2  percent  of  all 
travel  by  residents  on  New  York  streets  and 
highways;  urban  property  and  vehicle  owners 
paid  78.5  percent  and  urban  owned  vehicles 
provided  81.8  percent  of  the  total  travel  by 
residents  on  New  York  streets  and  highways. 


because  the  registration 
fee  schedule  is  based  on 
the  weight  of  vehicles,  and 
vehicles  owned  in  rural 
areas  tend  to  be  lighter 
than  those  owned  in  urban 
areas.  The  heavy  contract- 
hauler  and  common-cai  rier 
trucks  are  generally  regis- 
tered in  the  cities  or  vil- 
lages. The  trucks  owned 
in  rural  areas,  mainly  for 
private  use,  are  light-weight 
trucks. 

The  more  expensive  pas- 
senger cars  are  usually 
owned  by  residents  of 
larger  cities  and  villages. 
The  more  valuable  car  is 
usually  also  the  heavier 
vehicle.  The  general  tend- 
ency for  per-vehicle  fee-  in 
increase  as  the  place  of 
registration  becomes  larger 
in  population  is  evident 
also  for  trucks  as  well  as 
for  passenger  cars. 

No  motor-fuel    tax    was 

I     collected  in  New  York  Sta  t  e 

until  1929.  During  the  fol- 
lowing 4  years  the  total  revenues  from  this  source  in- 
creased more  than  100  percent  and  the  average  tax  per 
vehicle  doubled.  The  motor-fuel  tax  collected  in  1  (»:;'_' 
totaled  $40,340,900,  of  which  74.5  percent  was  paid  for 
cars  and  25.5  percent  for  trucks  and  busses.  The  ratio 
of  the  amount  contributed  by  cars  to  the  total  amount, 
for  both  rural  and  urban  areas,  was  almost  the  same. 
Residents  of  rural  areas  furnished  19.5  percent  of 
the  total  motor- vehicle  registration  and  paid  15.2  percent 
of  the  gasoline  tax.    The  percentages  are  nearly  the  same 


216 


PUBLIC  ROADS 


Vol.  17,  No.  9 


r,0 


',0 


if) 

a:    20 
< 


|   MOTOR 

-FUEL    TAX 

V~/A     REGISTRATION    FEES 

v// 

v// 

vyy, 

//A 

1 

RURAL 

PLACES 

PLACES 

PLACES 

PLACES 

BUFFALO 

NEW  YORK 

AVERAGE 

AREAS 

UNDER 

Z.500  TO 

15,000   TO 

75,000  TO 

CITY 

FOR    STATE 

E.500 

14,999 

74,999 

399,999 

Figure  8. — Average  Registration  Fees  and  Motor-Fuel  Taxes  Paid  by  Motor- Vehicle  Owners,  Distributed  by  Place 

of  Ownership. 


Table  11.- — Motor-vehicle   registration  fees   and   motor-fuel   taxes 
paid  by  vehicle  owners  in  rural  and  urban  areas  in  1932 

MOTOR-VEUICLE  REGISTRATION  FEES 


Paid  by 

vehicle 

owners  of— 

Total  payments 

Per-vehicle  payments  ' 

Passen- 
ger cars 

Trucks 

ami 
busses 

Other 

Total 

Pas- 
sen- 
ger 

cars 

Trucks 

and 
busses 

Other 

Total 

Rural  areas., 
i  rrban  areas.. 

$4.  575.  200 
22.  405,  800 

•;   630    >00 
S,  111.700 

$41,000 
222,800 

$6,  246,  700 
30,  740, 300 

$12.69 
14.21 

$19.99 
32.  39 

$6.47 
10.73 

$13.93 
11164 

Total.. 

26,981.000 

9,  742,  200 

263,  800 

36,  9*7,  000 

13.93 

29.34 

'l    7  1 

16.  11 

MOTOR-FUEL  TAX 


Rural  areas-.. 
Urban  areas.. 

$4,725,600 

2.1,  333,  30(1 

$1,418,600 

8,  863,  400 

•<,   1  II,  '.'in 
31.  1116,  700 

$13. 11 
16.07 

$17  39 

35.39 

$13.90 

18.72 

Total.. 

30,058,900 

10,  282,  000 

40,  340.  900 

15.52 

30.97 

17.78 

REGISTRATION   FEES  AND  MOTOR-FUEL  TAX 


Rural  areas... 
I  rban  areas  . 


Total. 


$9,300,800 

47,7311,100 


57,  030,  900 


$3.0411.  100 
16.075,  100 


20,024,200 


$41,000 
222,  800 


263,  800 


$12,390,900 
64,  937,  000 


77, 327, 900 


525  80 

30.  28 


29  45 


$37.  38 
67.78 


00.31 


$6  47 
10.  73 


9  71 


$27.  63 
35.  15 


33.  68 


1  other  vehicles  are  not  included  in  motor-fuel  tax  per  vehicle;  therefore  total  per- 
vehicle  registration  fees  and  motor-fuel  taxes  do  not  equal  the  sum  of  per-vehicle 
payments. 

for  cars  and  trucks  taken  separately.  For  the  average 
car  in  rural  areas  a  gasoline  tax  of  $13.11  was  paid 
and  for  the  average  truck  and  bus  $17.39  was  paid.  In 
contrast,  urban  residents  paid  $16.07  per  car  and 
$35.39  per  truck  and  bus.  For  the  State  as  a  whole 
for  each  vehicle  registered  in  1932  a  gasoline  tax  of 
$17.78  was  paid. 

A  tendency  similar  to  that  observed  in  the  registra- 
tion fees  may  also  be  pointed  out  for  the  gasoline  tax; 
i.  e.,  the  average  tax  increased  as  the  size  of  the  place 
in  which  the  vehicle  was  registered  increased. 

Registration  fees  and  gasoline  taxes  constitute  the 
major  portion  of  the  special  imposts  on  mo  tor- vehicle 
owners.  In  addition,  however,  certain  miscellaneous 
fees  amounting  to  $3,996,800  were  paid,  raising  the 
total  contributions  by  motor- vehicle  owners  to  $81,324,- 
700.     Tlie  imposts  included  in  this  classification  were 


chauffeurs'  and  operators'  licenses,  fees  from  driving 
school,  and  other  imposts  such  as  fines,  penalties,  and 
reregistrations.  These  taxes  averaged  less  than  $2  per 
vehicle. 

Administration  of  the  vehicle  and  traffic  laws  and  of 
the  motor-fuel  tax  is  performed  by  the  Department  of 
Taxation  and  Finance.  During  1932,  $1,497,200  was 
the  cost  of  administering  the  vehicle  and  traffic  law, 
amounting  to  65  cents  per  vehicle  registered  or  4  per- 
cent of  the  total  collections.  The  greater  share  of  this 
cost  was  for  the  registration  and  licensing  activities. 
It  cost  $92,300  to  collect  the  $40,340,900  of  gasoline 
tax,  an  average  of  4  cents  per  vehicle  registered  in  the 
State  and  but  0.2  percent  of  the  total  tax  collected. 

Tables  28,  29,  30,  and  figure  9  summarize  pertinent 
facts  determined  by  the  financial  survey.  The  follow- 
ing statements  emphasize  some  of  the  most  important 
relations  determined  by  this  study. 

SUMMARY 

1.  Rural  property  owners  paid  no  tax  for  urban 
streets. 

2.  Urban  property  owners  in  the  villages  paid  taxes 
for  town  highways. 

3.  Of  that  portion  of  the  total  property  tax  on  rural 
property  expended  for  highways: 

(a)  5.7  percent  was  expended  on  State  trunk  highways. 

(b)  29.4  percent  was  expended  on  county  roads. 

(c)  64.9  percent  was  expended  on  town  highways. 

Table  28. — Sources  of  each  $1,000  of  taxes  in  New  York  in  1932 


Pay  in- 

Residents  of — 

General 

property 

taxes 

Motor- 
vehicle 
imposts 

Miscellaneous 
imposts 

$65. 89 

1  1   lis 
40.43 
56.16 
76.37 
37.44 
457.  50 

$10.73 
3.69 
7.04 
6.71 
7.65 
3.55 
27.70 

$19. 52 
4.24 

Places  under  2,500  .. 

Places  2.500-14,999     . 

11.  6( 

Places  15,000-74.999 

11.61 

Places  75,000-399,999     . 

12.  It 

5.8! 

119.11 

Buffalo  .                              

New  York  City - 

Total 

748. 77 

67.07 

isi   11 
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Table  29. — Percentage  distribution  of  financial,  (ravel,  awl  other  data,  fur  1032 


Class  of  place 


Rural  areas 

Places  under  2,500 

Places  2,500  to  14,999... 
Places  15,000  to  74.999.. 
Places  75.000  to  399,999. 

Buffalo - 

New  York  City 

Total 


Popula- 
tion ' 


Percent 
13.  fi 
3.1) 
0.7 
8.0 
9.  I 
4.5 
55.  1 


100.0 


Percent 
90.5 
l.o 

.s 
.0 
.3 
.  J 
.7 


loo.o 


Property 
valuation 


Percent 
10. 1 
3.0 
6  2 
6.  l 

K.I) 

3.9 
62.7 


100.0 


Highway 

mileages 


/  'i  rci  nt 
82.7 
3.3 
3.7 
2.4 
2.0 
.6 
5.3 


100.0 


Motor- 
vehicles 
registered 


J ;  n;  n/ 
19.5 

0.5 
11.4 
10.8 
11.6 

5.5 
34.7 


100.  0 


All  taxes 
paid 


Percent 
13.  1 
3.5 
7.9 
7.7 
8.  7 
4.0 
55.1 


100.  0 


Motor- 
vehicle  im- 
posts paid 


Pern  nt 

in.  5 
10.0 

l:    I 

41.3 


Allexpendi 
tures 


Percent 
34.2 
:;  i 
5.8 
0.  0 
8.4 
3.4 
39.1 


100.0 


100.0 


Highway 

expendi- 
tures 


Percent 

52.2 
ill 
3.2 
2.9 
4.7 
1.0 

34.0 


100.0 


Travel  per- 
formed 


Percent 
18.2 

7.0 
11.9 
11.3 
12.4 

6.0 
33.2 


100.  0 


RECAPITULATION 


13.6 

SO.  4 

oi ;  5 
3.5 

10.1 
89.9 

82.7 

17.3 

19.5 
80.5 

13.  1 
86.9 

10.0 
84.0 

34.2 
65.8 

52.2 
47.8 

18.2 

81.8 

Total           -- 

100.0 

100.0 

100.0 

Hill   II 

100.0 

100.0 

100.0 

100  0 

100.0 

100.0 

i  Figures  for  1030. 

Table  30. — Purposes  for  which  each  $1,000  of  expenditures  men 

made  in  New  York  in  193.' 


Expended  for — 

Source  of  funds 
expended 

Amount 

[Taxes  paid  in: 

Rural  areas 

Urban  areas..     ... 

$5.  30 
23.  85 

S.    II) 

Loans  and  reserve 

Total 

[Taxes  paid  in 

Rural  areas 

s          Urban  areas 

1  l  otal          

12.  45 

50  no 

7  '.H 

:n  25 

28.  16 

[Taxes  paid  in 

Rural  areas 

<         Lilian  areas 

(Total   ..    .       

10.33 

63.  7-' 

X0.  05 

Total  all  highways  and  streets.-.       

158  21 
248.81 

553  61 

39.  37 

1,000.00 

4.  Of  that  portion  of  the  total  tax  on  urban  property 
expended  for  highways: 

(a)  25.7  percent  was  expended  on  rural  roads. 

(b)  74.3  percent  was  expended  on  urban  streets. 

5.  Of  that  portion  of  the  total  taxes  on  urban  prop- 
erty expended  for  highways: 

(a)  3.9  percent  was  expended  on  State  highways.  (The 
counties  contribute  funds  for  the  State  highway  system,  and 
such  contributions  are  financed  out  of  general  propertj  (axes 
and  the  county  portion  of  motor-vehicle  imposts.) 

(b)  20.2  percent  was  expended  on  county  roads. 

(c)  75.9  percent  was  expended  on  local  roads  and  streets. 
The  figure  of  75.9  percent  for  local  roads  and  streets  may  be 
divided  into  1.6  percent  of  urban  funds  which  went  to  town  high- 
ways and  74.3  percent  to  city  and  village  streets.  The  figure 
of  1.6  percent  was  the  contribution  by  village  taxpayers  to 
town  highways. 

6.  Since,  of  the  total  property  valuation  of 
$35,101,205,000,  $3,558,877,300  or  10.1  percent  was  in 
rural  areas  and  89.9  percent  was  in  urban  areas: 

(a)  Expenditures  from  property  taxes  for  all  highways  were 
at  the  following  rates: 

Rural — 88.5  cents  per  $100  of  full  valuation. 
Urban — 31.5  cents  per  $100  of  full  valuation. 
(6)   Expenditures  from  property  taxes  for  the  State  highways 
were  at  the  following  rates: 


1           I  MOTOR  VEHICLES    REGISTERED                                     p 
^^k  CONTRIBUTION    TO   CURRENT   TAXES 
■  FOR    HIGHWAYS    AND    STREETS 

r. 

V  /  A  CONTRIBUTION   TO   TOTAL    TRAVEL 

- 

1 

111 

lit 

\ 

RURAL 

PLACES 

PLACES 

PLACES 

PLACES     BUFFALO 

NEW 

AREAS 

UNDER 

2,500 

15,000 

75,000 

YORK 

Z.500 

TO 

TO 

TO 

CITY 

14,999 

74,999 

399.999 

Figure  9. — Percentage  Distribution  of  Motor  Vehicles 
Registered,  Contribution  to  Current  Taxes  Expended 
on  Highways  and  Streets,  and  Travel  Performed, 
Distributed  by  the  Several  Classes  of  Places. 

Rural — 5  cents  per  $100  of  full  valuation. 
Urban — 1.2  cents  per  $100  of  full  valuation. 

(c)  Expenditures  from  property  taxes  for  county  roads  were 
at  the  following  rates: 

Rural — 26.1  cents  per  $100  of  full  valuation. 
Urban — 6.4  cents  per  $100  of  full  valuation. 

(d)  Expenditures  from  property  taxes  for  town  highways  and 
city  and  village  streets  were  at  the  following  rates: 

Rural — 57.4  cents   (all  for  town  highways)   per  $100  of 

full  valuation. 
Urban— 23. 9  cents  per  $100  of  full  valuation. 

7.  Of  that  portion  of  the  total  property  taxes  used 
for  all  highways: 

(a)  4.3  percent  was  expended  on  State  highways. 

(b)  22.4  percent  was  expended  on  the  county  roads. 

(c)  15.6  percent  was  expended  on  the  town  highways. 

(d)  57.7  percent  was  expended  on  city  and  village  streets. 

8.  Of  the  total  motor-vehicle  imposts  expended  on 
all  classes  of  roads  and  streets: 

(a)  Rural  motor-vehicle  owners  paid  16  percent  and  travel  by 
these  same  rural  owners  made  up  18.2  percent  of  the  total  travel 
on  all  classes  of  roads  and  streets. 

(6)  Urban  motor-vehicle  owners  paid  84  percent  and  accounted 
for  81.8  percent  of  the  total  travel. 

<>.  Of  the  total  motor-vehicle  imposts: 

(a)   65  percent  was  expended  on  the  State  highways. 

(6)    16.3  percent  was  expended  on  county  roads. 

(c)  3  percent  was  expended  on  town  highways. 

(d)  15.7  percent  was  expended  on  city  and  village  streets. 
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10.  Of  all  imposts  and  taxes  expended  on  all  high- 
ways and  streets: 

(a)  21.2  percent  was  expended  on  State  highways. 

(b)  20.5  percent  was  expended  on  county  roads. 

(c)  11.9  percent  was  expended  on  town  highways. 

(d)  46.4  percent  was  expended  on  city  and  village  streets. 

11.  Of  that  portion  of  the  total  of  all  taxes  and  im- 
posts which  was  expended  on  all  highways  and  streets: 

(a)  Rural  property  and  motor- vehicle  owners  paid  21.5  per- 
cent, and  travel  by  rural  vehicles  made  up  18.2  percent  of  all 
New  York  travel  on  all  New  York  streets  and  highways. 

(b)  Urban  property  and  vehicle  owners  paid  78.5  percent 
while  urban  vehicles  provided  81.8  percent  of  the  total  travel 
by  residents  on  all  New  York  streets  and  highways. 

12.  Receipts  from  motor-vehicle  imposts,  if  they  had 
been  used  solely  by  the  State  for  highway  purposes  in 
1932.  would  have  been  more  than  adequate  to  pay  for 
all  of  the  expenditures  on  the  State  highway  system 
including  the  cost  of  grade  crossing  eliminations. 

13.  The  State's  portion  of  the  motor- vehicle  imposts 
if  used  solely  for  highways  (approximately  75  percent) 
plus  Federal-aid  allotments,  also  would  have  been  more 
than  adequate  to  pay  lor  the  expenses  of  the  State 
highway  system. 

14.  In  1032,  8.3  percent  of  the  total  expenditures  on 
the  State  highway  system  was  financed  out  of  county 
funds  as  occasioned  by  snow  removal  performed,  right 
of  way  purchased,  and  maintenance  performed  by  the 
county  on  State  highways. 

15.  The  counties  received  $10,710,800  as  their  por- 
tion of  the  motor-vehicle  imposts  and  expended 
$5,632,700  of  their  funds  for  State  highway  purposes. 

16.  The  expenditures  for  State  highways  by  the 
State  constituted  33.5  percent  of  the  total  expenditures 
by  the  State,  and  the  total  expenditures  by  the  State  on 
the  State  highways  constituted  29  percent  ot  all  high- 
way expenditures  in  the  State  and  4.6  percent  of  all 
expenditures  for  all  purposes  by  all  units  of  government 
in  1932. 

17.  For  the  average  truck  in  New  York  an  excess  of 
$30.86  was  paid  in  motor-vehicle  registration  fees  and 
motor-fuel  taxes  over  similar  taxes  paid  for  the  average 
car.  Owners  of  the  332,018  trucks  thus  paid  $10,246,100 
more  than  was  paid  for  the  same  number  of  cars.  This 
amount  is  almost  75  percent  of  the  total  State  expendi- 
tures for  the  maintenance  of  State  highways  in  1932. 

18.  Local  governments — towns,  special  districts, 
cities,  and  villages — are  the  principal  units  of  govern- 
ment in  N  ew  York  considered  on  the  basis  of  the  amount 
of  expenditures  made  in  the  State  in  1932  (78.2  percent 
of  total  for  all  units  of  government),  the  amount  of 
taxes  levied  (73.7  percent),  and  the  debt  incurred  (80.2 
percent). 

19.  Measured  by  expenditures,  public  benefit  func- 
tions in  New  York  were  by  far  the  most  extensive  activi- 
ties, constituting  55.4  percent  of  all  expenditures  for  all 
purposes  and  exceeding  by  30.5  percent  the  costs  of 
education  and  by  39.6  percent  the  highway  expenses. 

20.  Of  each  $1,000  of  taxes,  $748.77  was  paid  in 
general  property  taxes,  $67.07  in  motoi -vehicle  imposts, 
and  $184.16  in  other  imposts. 


PUBLIC  ROADS  TO  BE  PUBLISHED  IN  SPANISH 

"Carreteras",  a  Spanish  translation  of  Public  Roads 
is  soon  to  be  published  in  Argentina  and  will  be  available 
for  circulation  in  Spanish-speaking  countries.  A  few 
months  ago  Ing.  J.  Allende  Posse,  head  of  the  national 
highway  organization  of  Argentina,  while  inspecting 
road  construction  in  the  United  States,  expressed  a 
desire  to  keep  the  highway  engineers  of  Argentina 
informed  regarding  research  and  methods  of  construc- 
tion in  this  country.  Difference  in  language  has  been  a 
serious  difficulty  which  he  proposed  to  overcome  by 
publishing  Public  Roads  in  Spanish.  Arrangements 
have  been  completed  and  the  first  issue  of  "Carreteras", 
which  will  contain  the  report  that  appeared  in  the 
March  1936  issue  of  Public  Roads,  will  be  published 
in  the  near  future. 

A  nominal  charge  will  be  made  for  "Carreteras",  and 
subscriptions  should  be  placed  with  the  Jefe  De  Pub- 
licidad,  Direccion  Nacional  de  Vialidad,  Buenos  Aires, 
Argentina. 


SECOND  CONGRESS  OF  THE  INTERNATIONAL  ASSO- 
CIATION FOR  TESTING  MATERIALS  TO  BE  HELD 
IN  LONDON,  APRIL  19-24,   1937 

For  those  concerned  with  concrete,  natural  stones, 
and  ceramic  materials  the  congress  of  the  International 
Association  for  Testing  Materials,  which  is  to  be  held 
in  London  next  April  will  be  of  considerable  interest. 
The  subjects  to  be  discussed  are  divided  into  four 
groups:  Metals,  inorganic  materials,  organic  materials, 
and  subjects  of  general  importance.  The  second  group, 
which  covers  concrete,  natural  stones,  and  ceramic 
materials,  has  Prof.  E.  Suenson,  of  Denmark,  as  presi- 
dent, and  an  inspection  of  the  preliminary  list  of 
papers  which  are  to  be  presented  indicates  that  the 
treatment  of  the  different  subjects  will  be  most  com- 
prehensive, as  the  papers  originate  in  some  1 1  different 
countries.  Among  the  subjects  included  under  "Con- 
crete" are  the  testing  of  aluminous  cement  and  plastic 
mortars,  the  development  of  heat  by  cement,  sea -water 
cements,  waterproofing  compounds,  the  creep  of  con- 
crete under  load,  vibrated  concrete,  cement  pipes,  and 
the  strength  of  reinforced  concrete  beams.  Natural 
stones  are  discussed  in  Austrian,  German,  and  British 
papers,  while  under  ceramic  materials,  the  general 
testing  of  ceramic  materials,  the  strength  and  testing  of 
bricks  and  tiles,  refractories,  electrical  porcelain,  and 
the  classification  of  clays  are  dealt  with. 

The  last  congress  for  testing  materials  was  held  in 
1931,  and  the  association  says  that  every  effort  is 
being  made  to  insure  that  the  knowledge  in  this  most' 
important  field  will  be  brought  completely  up  to  date. 
The  papers  will  be  presented  in  the  form  of  summaries, 
so  that  a  large  amount  of  information  will  be  made 
available  in  easily  accessible  form.  Inquiries  should  be 
addressed  to  the  honorary  secretary  of  the  congress, 
Mr.  K.  Headlam-Morley,  at  the  offices  of  the  British 
committee,  the  International  Association  for  Testing 
Materials,  28  Victoria  Street,  London,  S.  W.  1. 
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DETERMINATION  OF  COEFFICIENTS  OF 
FRICTION  OF  SLIDING  BEARINGS 

FOR  BRIDGES 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  GEORGE  W.  DAVIS,  Associate  Engineer  of  Tests 


EXPANSION  and  contraction  in  bridge  superstruc- 
tures are  generally  provided  for  by  means  of  bear- 
ings at  one  end  which  permit  the  structure  to  move 
longitudinally  with  respect  to  its  supports.  For  the 
smaller  structures,  these  bearings  are  frequently  of  the 
sliding  type  in  which  a  metal  sole  plate,  rigidly  con- 
nected to  the  superstructure,  slides  on  a  metal  bearing 
which  is  rigidly  connected  to  the  substructure.  The 
efficiency  of  these  sliding  bearings  in  preventing  tem- 
perature stresses  in  the  superstructure  and  overturning 
forces  in  the  supporting  substructure  is  inversely  pro- 
portional to  the  frictional  forces  developed  between  the 
moving  parts  of  the  bridge. 

As  early  as  1922  the  Bureau  of  Public  Roads,  realiz- 
ing the  paucity  of  reliable  test  data  as  to  the  magnitude 
of  these  frictional  forces,  considered  making  an  investi- 
gation. Some  preliminary  work  was  done  in  1925  and 
in  1929  a  more  comprehensive  series  of  tests  was  inaug- 
urated. This  program  of  tests,  after  several  interrup- 
tions, has  finally  been  completed  and  is  made  the  sub- 
ject of  this  report. 

The  coefficient  of  friction  for  sliding  bearing  plates 
was  determined  under  varying  pressures  comparable 
to  those  usually  employed  in  bridge  design.  Lateral 
pressure  to  cause  slip  was  applied  slowly  and  uniformly 
and  the  amount  of  movement  at  each  slip  was  such  as 
to  approximate  closely  that  caused  by  temperature 
changes  in  the  field. 

In  making  these  tests  several  variables  were  con- 
sidered, namely: 

1.  Materials. 

2.  Bearing  pressures. 

3.  Surface  finishes. 

4.  Direction  of  movement  in  relation  to  the  direction 
in  which  the  plates  were  finished. 

5.  The  effect  of  lubrication. 

6.  The  effect  of  rust. 

7.  The  effect  of  electrolytic  action  on  unlike  materials 
in  contact  in  the  presence  of  salt  water  or  salt  air. 

EFFECTS  OF  SEVERAL  VARIABLES  STUDIED  IN  INVESTIGATION 

A  more  detailed  discussion  of  the  consideration  given 
these  variables  follows. 

1 .  Materials. — Fourteen  different  materials  were  used 
injthese  tests. 
Bronzes: 

Bronze  A,  A.  S.  T.  M.  Specification  B22-21 ,  class  A. 
Bronze  B,  A.  S.  T.  M.  Specification  B22-21,  class  B. 
Bronze  C,  A.  S.  T.  M.  Specification  B22-21,  class  C. 
Bronze  D,  A.  S.  T.  M.  Specification B22-21,  class  D. 
Phosphor  bronze  E,  A.S.T.M.  Specification  B22- 

21,  class  A.1 
Phosphor  bronze  F,  A.S.T.M.  Specification  B22- 
21,  Class  B.1 

'  These  materials  as  furnished  were  cold  rolled  and  were  classed  by  the  manufacturer 
as  phosphor  bronze.  Thev  actually  contained  less  phosphorus  than  bronzes  A,  B,  C, 
and  D. 
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Lead  bronze  22  (approximately  22  percent  lead). 
Lead  bronze  17  (approximately  17  percent  lead). 
Lead  bronze  8  (approximately  8  percent  lead). 
Steels: 

Cast  steel,  A.S.T.M.  Specification  A27-24,  class 

B,  medium  grade. 
Rolled  steel,   A.S.T.M.  Specification  A7-29, 

structural  steel. 
Stainless  steel. 
Irons: 

Malleable,  A.  S.  T.  M.  Specification  A47-30. 
Cast,  A.  S.  T.  M.  Specification  A48-29,  heavy  cast- 
ings. 
The  physical  and  chemical  properties  of  these  ma- 
terials are  shown  in  table  1. 

2.  Bearing  pressures. — Tests  were  made  under  unit 
bearing  pressures  of  250,  500,  750,  and  1,000  pounds  per 
square  inch. 

3.  Surface  finishes. — Six  surface  finishes  were  used  on 
the  test  specimens. 

Planed  finishes: 

Pc — A  coarse-planed  finish  produced  by  using  a 
round-nosed  tool  with  a  radius  of  }U  inch, 
at  a  rate  of  45  cutting  strokes  per  minute, 
with  a  lateral  feed  of  0.018  inch  per  stroke, 
and  taking  a  cut  of  Y6i  inch.  This  pro- 
duced a  somewhat  coarse,  striated  finish. 

PM — A  medium-planed  finish  produced  with  the 
same  tool  at  the  same  rate  and  taking  the 
same  cut  as  above  but  using  a  lateral  feed 
of  0.009  inch  per  stroke.  This  produced 
a  medium  smooth  finish. 

PF — A  smooth  or  fine-planed  finish  produced 
with  a  flat-nosed  tool  %  inch  wide,  used  at 
a  rate  of  45  strokes  per  minute,  with  a 
lateral  feed  of  ,'i  inch  per  stroke,  and 
taking  a  cut  of  0.002  inch. 

Rolled  or  planished  finish: 

R — Plates  were  finished  as  under  PF  with  a  flat- 
nosed  tool  and  then  rolled  with  a  hardened 
steel  roller  %  inch  wide  and  2%  inches  in 
diameter  rigidly  bolted  to  the  head  of  the 
planer.  The  feed  of  this  roller  was  %  inch 
per  stroke  and  the  rate  20  strokes  per 
minute.  The  roller,  with  its  face  set  0.00.3 
inch  below  the  surface  of  the  specimen, 
was  fed  in  %-inch  increments  once  trans- 
versely across  the  specimen.  During  this 
passage  of  the  roller  across  the  test  plate 
all  portions  of  the  surface  were  rolled 
twice  longitudinally,  once  on  the  forward 
stroke  and  once  on  the  reverse  stroke  of 
the  planer  head.  The  roller  was  then 
depressed   an   additional  0.005  inch   and 
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Table  1. — Chemical  composition  and  physical  characteristics  of  materials  tested 
CHEMICAL  COMPOSITION" 


Bronzes 

Steel 

Iron 

A.  S.  T.  M.  Specification  B22  -21 

Phosphor 
bronze 

Lead  bronzes 

Cast, 

A.S.T.M. 

A27-24, 

class  B, 

medium 

Rolled, 
A.S.T.M. 

A7-29, 
structural 

Stainless 

Malleable, 

A.S.T.M. 

A47-30 

Cast, 
A.S.T.M. 

A 

B 

C 

D 

E 

F 

22  per- 
cent 

17  per- 
cent 

S    |ir| 

cent 

A48-29, 
heavy 

79.45 
19.87 
0.05 

81.95 
17.  17 
0.10 
0.20 
0.18 
0.35 
0.05 

80.17 
10.66 
8.47 

0.15 
0.55 

87.43 
10.30 
0.32 
1.65 
0.15 
0.15 

89.20 
10.55 

94.30 
5.16 

70.38 
5.36 

22. 33 
1.68 
0.14 

75.70 
4.96 

16.90 
2.21 
0.14 

82.00 
9.06 
8.37 
0.24 
0.21 

0.23 
0.40 

0.09 
0.16 

0.14 
0.40 

0.42 

0.011 

0.028 

0.10 

0.09 

0.12 

0.375 
0.052 

3.230 

0.031 

0.03 
0.48 
0.54 
17.30 
9.62 

0.094 

PHYSICAL  CHARACTERISTICS  '' 

Compression: 

Deformation  limit,  pounds 

30,  610 
0.136 

(•) 

27,  920 
0 

17,  530 

0.190 

19,225 

29.  590 

1.00 

11,000 

0.378 

17, 330 

18, 460 

1.75 

10, 540 

0.268 

18, 050 

28, 820 

11.00 

28, 385 

0.124 

27, 630 

77,  740 

28.00 

26, 910 
0.185 

28,520 

67,  660 
21.00 

9,430 

3  0.  507 

14, 355 

21,  250 

13.00 

7,200 

*  0.  544 

14, 000 

21,000 

10.00 

13, 880 

0.320 

18, 335 
36,  670 
33.00 

Permanent  set  in   1   inch 
under  100,000  pounds  per 

Tension: 

Yield    point,    pounds   per 

40,865 

69,520 

34.00 
51.00 

39,230 

56,700 

35.70 

619,500-30,000 

79, 000-93, 000 

68. 0-70. 0 
72. 0-75. 0 

40,335 

48,  590 

10.17 

Tensile   strength,    pounds 

Elongation  in  2  inches,  per- 

Reduction  in  area,  percent. 
Transverse  tests: 

Deflection      under      2,000 

0.212 

2.970 

i  Chemical  compositions  shown  are  from  analyses  of  materials  used. 

1  All  physical  data  for  stainless  steel  obtained  from  manufacturer. 

2  Cracked  at  90,070  pounds  per  square  inch. 
*  Cracked  at  97,800  pounds  per  square  inch. 
»  None  apparent  before  rupture. 

«  Proportional  limit. 

once  more  passed  transversely  across  the 
specimen  and  back  again,  thereby  sub- 
jecting all  portions  of  the  surface  of  the 
test  plate  to  four  additional  longitudinal 
rollings.  This  finish  removed  practically 
all  traces  of  the  tool  marks  left  by  the 
planed  finish. 

C.R.- — The  cold-rolled  finish  as  produced  by  the 
manufacturer  of  the  plates. 

M — A  milled  finish  produced  by  using  a  spiral 
mill  4  inches  in  diameter,  5  inches  long, 
with  a  25  degree  angle,  10  teeth,  and  a 
10-inch  rake.  Operating  at  a  spindle 
speed  of  92  revolutions  per  minute,  8 
lateral  feed  of  115  feet  per  minute,  and  a 
^4-inch  cut,  this  mill  produced  a  very 
smooth  finish. 

4.  Direction  of  movement. — Three  variations  in  direc- 
tion of  movement  were  used  in  these  tests  (fig.  1). 

M, — The  direction  of  movement  and  the  direction  of 
finishing  cuts  of  both  plates  were  parallel. 

M2 — The  directions  of  finishing  cuts  of  both  plates 
were  parallel  and  the  direction  of  movement 
of  the  plates  was  at  right  angles  to  the 
finishing  cuts. 

M3— The  directions  of  the  finishing  cuts  of  the  test 
plates  were  at  right  angles. 

5.  The  effect  of  lubrication. — Selected  combinations  of 
plates  were  tested  both  with  and  without  lubrication. 

6.  Effect  of  rust. — Cast  iron  specimens  were  exposed 
to  weather  until  well  rusted  and  then  tested  to  determine 
the  eil'ee)  of  rust. 


7.  Electrolysis. — The  electrolytic  action  of  stainless 
steel  in  contact  with  bronze  and  subjected  to  a  salt 
solution  and  salt  air  was  investigated. 

Table  2  gives  a  summary  of  the  conditions  under 
which  the  tests  were  made. 

PRECAUTIONS  TAKEN  TO  INSURE  EVEN  APPLICATION  OF  BEARING 
PRESSURE  AND  THRUST 

The  coefficients  of  friction  of  the  various  materials 
were  determined  by  means  of  a  special  apparatus 
designed  and  built  by  the  Bureau.  This  device  was 
used  in  conjunction  with  a  universal  testing  machine 
and  is  shown  schematically  in  figure  2.  It  consists 
essentially  of  a  hydraulic  jack  for  applying  horizontal 
thrust,  a  calibrated  beam  for  measuring  this  thrust,  and 
the  necessary  steel  framework  for  holding  the  various 
parts  and  the  test  specimens  in  their  proper  relative 
positions.  Vertical  loads  or  bearing  pressures  were 
applied  by  means  of  the  universal  testing  machine, 
transmitted  through  two  heavy  car  springs  and  a 
spherical  bearing  block.  Two  movable  test  plates, 
4  by  4  by  %  inches,  and  two  fixed  plates,  4  by  4}£  by 
%  inches,  were  used  in  each  test.  The  two  fixed  plates 
were  encircled  by  the  steel  frame,  which  supported  the 
calibrated  beam  that  served  as  a  reaction  for  the 
hydraulic  jack.  The  two  movable  plates  were  inset  in 
the  top  and  bottom  of  a  cylindrical  movable  member, 
which  was  free  to  move  under  the  thrust  exerted  by  the 
hydraulic  jack. 
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-DIRECTION    OF    MOVEMENT 


DIRECTION   OF   FINISHING   CUTSs 


jre  1.- — Relation  of  Direction  of  Movement  to  Direc- 
ons  of  Finishing  Cuts  for  Bearing  Plates  Tested. 


le  2. 


-Materials  and  finishes  used,  direction  of  movement,  and 
other  test  conditions 


Combination  of 
materials 


A 

B 

C 

D 

A 

A 

A 

B 

B 

C 

A 

B 

C 

D 

A 

B 

C 

D 

C.  S. 

C.  S. 

K.  S. 

M.  I. 

M.  I. 

C.  I. 

C.  S. 

C.S. 

R.  S. 

R.  S. 

|P.  B.  E. 

P.  B.  E. 

P.  B.  F. 

L.  B.  22 

L.  B.  17 

L.  B.8 

L.  B.  22 

Stl.  S. 


A 

B 

C 

D 

B 

C 

D 

C 

D 

D 
C.S. 
C.S. 

c.  s. 

C.S. 
R.  S. 
R.  S. 
R.  S. 
R.  S. 


S. 

s. 
s. 
I. 
I. 
I. 
I. 


c. 

R. 

R. 

M. 

C. 

C. 

M. 

C.I. 

M.I. 

C.I. 
P.  B.  E. 
L.  B.  22 
P.  B.  F. 
L.  B.  22 
L.  B.  17 
L.  B.8 

Stl.  S. 

c. 


Total. 


Finishes  used 


Pc 


Pm 
Pm 
Pm 
Pm 


!Pm 
Pm 

!Pm 


Pm 
Pm 


M 


C.  R. 


C.R 


Direction  of 
movement 


13 


-■■', 


UL 

II, 
UL 
UL 

U 

u 
I 

u 
u 
u 
II. 
I 
I" 

UL 
UL 
U 

u 

UL 

UL 
1  i 
UL 

1  I 
U 

u 
u 
u 

u 
II 
(I 
u 
u 
u 
u 
u 
u 
u 
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i  -faces  rusted. 
S^nbols  apply  to  but  1. 
Srmbols  used  are  explained  as  follows: 
etals: 

A=Bronze  A,  A.  S.  T.  M.  specification  B22-21,  class  A. 

B  =  Bronze  B,  A.  S.  T.  M.  specification  B22-21,  class  B. 

C  =  Bronze  C,  A.  S.  T.  M.  specification  B22-21,  class  C. 

C.  I.  =  Cast  iron,  A.  S.  T.  M.  specification  A48-29.  heavy. 

C.  S.  =  Cast  steel,  A.  S.  T.  M.  specification  A27-24,  class  B  medium. 

D  =  Bronze  D,  A.  S.  T.  M.  specification  B22-21,  class  D. 

M.  I.  =  Malleable  iron,  A.  S.  T.  M.  specification  A47-30. 

L.  B.  22= Lead  bronze  22  percent. 

L.  B.  17=Lead  bronze  17  percent. 

L.  B.  8  =  Lead  bronze  8  percent. 

P.  B.  E.  =  Phosphor  bronze,  A.  S.  T.  M.  specification  B22-21,  class  A. 

P.  B.  F.  =  Phosphor  bronze,  A.  S.  T.  M.  specification  B22-21,  class  B. 

R.  S.  =  Rolled  steel,  A.  S.  T.  M.  specification  A7-21),  structural. 

Stl.  S.  =  Stainless  steel, 
nish: 

Pc=Coarse-planed  finish. 
;   PM  =  Medium-planed  finish. 
i  Pf= Fine-planed  finish. 

M  =  Milled  finish. 

R  =  Rolled  or  planished  finish. 
_:i  C.  R.  =  Cold-rolled  finish  as  manufactured. 
Erection  of  movement: 

1 — Movement  and  finishing  cuts  parallel. 

2— Finishing  cuts  parallel,  movement  normal  to  direction  of  finishing  cuts. 

3— Finishing  cuts  at  right  angles. 
'  brication: 
I  U  =  Unlubricated. 

UL  =  Tests  were  made  with  both  lubricated  and  unlubricafed  plates. 

r.ie  operation  of  the  apparatus  was  as  follows:  The 
>able  member  with  its  two  inset  movable  plates  was 
lisd  between  the  two  fixed  plates.  The  desired 
alng  pressure  was  applied  to  the  contact  faces  of  the 
51'plates  by  lowering  the  head  of  the  testing  macliine. 
)|zontal  thrust  was  then  applied  (by  means  of  the 
(laulic  jack)  to  the  movable  member  at  a  point 
Cray  between  the  contact  faces  of  the  two  pairs  of 
siplates  (fig.  3).     The  magnitude  of  this  thrust  was 


VERTICAL 
LOAD 


MOVING  HEAD 

v/.  ////A///r     \ 


FRAME 
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weighing  table 
testing  machine 

Fk;ure  2. — Schematic     Drawing     of     Apparatus 
Determine  Coefficient  of  Friction. 


Used 


indica  ted  by  the  deflection  of  the  calibrated  beam.  Since 
the  two  fixed  plates  were  ji  inch  longer,  in  the  direction 
of  thrust,  than  the  two  movable  plates,  it  was  possible 
for  slip  to  occur  and  still  maintain  full  contact  between 
the  faces. 

The  hydraulic  jack  was  activated  bj^  a  booster  (a 
long-stroke,  small-bore  cylinder  and  piston)  similar  to 
those  used  in  pressure  lubrication,  the  system  being 
first  filled  by  means  of  a  conventional  hydraulic  pump. 
The  use  of  the  booster  to  apply  the  final  pressure  to 
cause  slip  allowed  a  steady  pressure  to  be  applied  with- 
out the  pulsations  usually  caused  by  the  strokes  of  a 
pump.  The  interposition  of  the  two  heavy  car  springs 
between  the  head  of  the  testing  machine  and  the  bear- 
ing blocks  prevented  oscillation  of  the  beam  of  the 
testing  machine  during  tests. 

The  deflection  of  the  calibrated  beam  was  measured 
by  means  of  a  micrometer  dial  graduated  to  Xoooo-mch 
divisions,  one  division  on  the  dial  being  equivalent  to 
22  pounds  of  thrusting  force.  Inasmuch  as  the  hori- 
zontal thrust  measured  by  the  calibrated  beam  was 
forced  to  overcome  the  friction  existing  between  the 
contact  faces  of  the  two  pairs  of  test  plates  under 
known  unit  bearing  pressures,  the  thrust  applied  to 
each  pair  of  plates  was  only  one-half  of  that  indicated 
by  the  dial  reading. 

The  total  thrusts  required  to  overcome  the  initial 
frictional  resistance  under  each  of  the  unit  bearing 
pressures  were  used  in  determining  the  coefficient  of 
friction. 

Definitions  of  the  nomenclature  used  in  this  report 
are  as  follows: 

Slip. — A  single  movement  of  the  movable  plates 
under  lateral  thrust  while  subject  to  some  known  bear- 
ing pressure  was  termed  a  slip. 

Test. — A  test  comprised  15  sots  of  20  slips,  i.  e.,  300 
independent  slips  under  each  of  the  unit  bearing  pres- 
sures used,  other  variables  such  as  materials,  finish, 
direction  of  movement,  and  state  of  lubrication  being 
constant. 

Test  series. — A  test  series  is  composed  of  all  tests 
made  of  any  one  combination  of  materials  under  vary- 
ing conditions  of  finish,  direction  of  movement,  and 
state  of  lubrication. 
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INVESTIGATION  INCLUDED  STUDY  OF  UNLUBRICATED,  LUBRICATED 
AND  RUSTED  PLATES 


Tests  of unlubricated plates. —In  all  tests  the  two  mov- 
able plates  were  4  by  4  by  %  inches  and  the  two  fixed 
plates  were  4  by  4}£  by  %  inches.  In  each  test  newly 
surfaced  plates  were  used.  Before  testing,  the  plates 
were  thoroughly  washed  in  naphtha  to  remove  surface 
grease,  moisture,  or  any  foreign  matter.  The  plates 
were  then  inserted  in  the  testing  apparatus  and  a  bear- 
ing load  of  4,000  pounds  (250  pounds  per  square  inch, 
on  the  16  square  inches  of  contact  area  of  the  plates) 
was  imposed  by  lowering  the  head  of  the  testing  ma- 
chine. Thrust  was  then  applied  through  the  hydraulic 
jack  by  means  of  the  booster  until  slip  occurred.  The 
point  of  slip  was  considered  to  be  that  point  at  which 
the  needle  of  the  micrometer  dial  started  to  recede. 
Successive  thrusts  were  applied  and  readings  noted  until 
a  succession  of  20  slips  had  been  recorded.  Each  set 
of  20  slips  caused  a  shifting  of  the  movable  plates  over 
the  fixed  plates  of  approximately  }i  inch. 

After  each  set,  the  plates  were  removed,  rinsed  in 
naphtha,  turned  horizontally  through  180  degrees  and 
replaced  in  the  apparatus.  The  plates  were  thus  kept 
free  from  lubricant  and  were  subjected  to  sliding  in 
opposite  directions  as  would  be  the  case  in  actual  service. 
After  15  sets  of  20  slips  the  bearing  pressure  was  increasd 
to  the  next  higher  value.  The  schedule  just  described 
was  carried  out  for  bearing  pressures  of  250,  500,  750, 
and  1,000  pounds  per  square  inch,  respectively,  and  this 
constituted  one  test,  the  plates  being  resurfaced  before 
being  used  again. 

In  every  case  where  seizure  was  apparent  the  fact  was 
noted,  in  order  that  the  percentage  of  movements  or 
slips  in  which  seizure  occurred  during  the  course  of  each 
test  might  be  determined.  Seizure  was  determined 
either  by  audible  chattering  or  by  jumping  of  the  plates 
as  indicated  by  the  micrometer  dial.  The  thicknesses 
of  all  plates  were  measured  by  means  of  micrometer 
calipers  at  four  points  both  before  and  after  each  test. 

Tests  of  lubricated  plates. — The  procedure  followed  in 
making  tests  of  lubricated  plates  was  identical  with  that 
used  in  testing  unlubricated  plates  with  the  following 
exceptions.  After  the  newly  surfaced  plates  were 
washed  in  naphtha  a  thin  coating  of  graphite  cup  grease 
was  applied  to  their  contact  faces.  They  were  placed  in 
the  testing  apparatus  and  a  bearing  pressure  of  4,000 
pounds,  or  250  pounds  per  square  inch,  was  applied. 
The  plates  were  slid  in  successive  slips  once  across  the 
fixed  plates  to  distribute  the  grease  evenly  and  to  force 
any  excess  from  between  the  plates.  The  plates  were 
then  removed,  reversed,  and  successive  slips  were  made 
as  in  the  tests  of  unlubricated  plates,  but  with  the  origi- 
nal coating  of  lubricant  intact. 

Four  cast-iron  plates  with  the  smooth-planed  finish 
(Pf)  and  four  with  a  milled  finish  (M)  were  exposed 
to  the  weather,  including  snow  and  lain,  for  70  and 
50  days,  respectively.  This  exposure  produced  a  thick 
coating  of  rust.  The  plates  were  rubbed  against  each 
other  with  hand  pressure  to  remove  superficial  rust 
and  the  friction  tesN  were  then  made.  The  friction 
developed  in  both  cases  was  so  large  that  only  the 
lowest  unit  bearing  pressure  (250  pounds  per  square 
inch)  was  applied.  The  plates  were  reversed  between 
each  set  of  20  slips,  and  the  rust  loosened  from  the 
contact  surfaces  was  lightly  brushed  ofi  with  a,  cloth 
between  each  series  of  slips.    A  comparison  of  the  thick- 


ness of  these  plates  as  measured  before  and  after  ej 
posure  to  the  weather  and  after  friction  tests  had  bee 
completed  indicated  that  the  wear  shown  during  th 
tests  was  caused  by  the  loosening  of  surface  rust,! 
no  measurable  reduction  in  original  thickness  was  notei 
The  following  procedure  was  adopted  in  determinin 
the  coefficient  of  friction  in  each  test.  Curves  wei 
plotted  for  each  of  the  four  loadings,  mean  values  ( 
the  total  thrust  necessary  to  overcome  the  frictio 
existing  on  the  1G  square  inches  of  bearing  surface,  fc 
each  of  the  15  sets  of  20  slips,  being  used  as  ordinate! 
while  the  15  sets  were  plotted  at  uniform  spacings  u 
abscissae. 


COEFFICIENT  OF  FRICTION  REMAINED  CONSTANT  UNDER 
VARIOUS  BEARING  PRESSURES 


The  averages  of  the  mean  values  of  thrust  of  the  las 
10  sets  (200  individual  slips)  were  used  in  determine 
the  coefficient  of  friction,  the  first  5  sets  being  coi 
sidered  as  adjusting  or  wearing-in  values.  These  aves 
ages  were  plotted  on  abscissa,  proportional  to  tl 
bearing  pressures  and  a  mean  curve  was  drawn  throug 
the  resulting  four  points  and  the  zero  point.  Inl 
cases  this  curve  was  a  straight  line,  which  indicate 
that  the  value  of  the  coefficient  of  friction  remain 
constant  under  varying  unit  pressures.  The  maximui 
and  minimum  variations  above  and  below  the  meant 
any  set  of  slips  were  shown  by  the  limits  of  the  vertic! 
lines,  drawn  to  scale,  extending  above  and  below  th 
mean  values  as  plotted. 

It  obviously  being  impracticable  to  reproduce  th 
curves  representing  all  tests  performed  in  this  invest! 
gation,  typical  curves  developed  in  the  maimer  ji 
described  are  shown  in  figures  4,  5,  6,  and  7.  Th 
results  of  all  tests  are  compiled  in  table  3  in  ascendin 
order  of  coefficients  of  friction  for  tests  without  lubri 
cation.  In  the  column  headed  "Average  maximui 
variations  from  mean  thrust",  the  values  shown  w<? 
derived  as  follows:  The  average  of  the  thrusting  force 
necessary  to  cause  movement  for  the  last  10  sets  £ 
slips,  or  of  200  individual  slips,  under  a  unit  bearifl 
pressure  of  500  pounds  per  square  inch,  was  used  as 
base.  The  maximum  variations  in  thrusting  fore 
above  and  below  the  mean  thrust  for  each  of  the  las 
10  sets  of  slips  were  averaged  and  these  two  average 
expressed  a.s  plus  or  minus  percentages  of  the  base. 

The  values  shown  for  the  variations  from  mean  thrus 
are  for  the  500  pounds  per  square  inch  unit  pressui 
only,  as  this  value  is  considered  to  be  a  representath1 
value  for  all  loadings.  Variations  for  the  tests,  i 
lubricated  plates  are  omitted.  In  the  majority  ( 
cases  the  variation  for  the  lubricated  plates  was  greate 
than  in  the  case  of  unlubricated  plates. 

For  the  purpose  of  discussion,  results  for  the  11 
combinations  tested,  as  arranged  in  table  3  and  excluc 
ing  the  two  tests  of  rusted  plates  (24-2  and  24-4)  wei 
arbitrarily  divided  into  three  equal  groups  of  37  con 
binations  each.  These  groups  are  designated  1,  2,  an 
3,  and  contain  the  low,  intermediate,  and  high  values  c 
the  coefficient  of  friction,  respectively. 

In  determining  the  effect  of  lubrication  on  the  valu 
of  the  coefficient  of  friction  between  flat  plates,  data  froi 
77  tests  both  with  and  without  lubrication  were  avail 
able  for  comparison.  Examination  of  the  individu* 
curves  for  each  of  these  77  tests  gave  the  followin 
indications. 
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Table  3. — Coefficients  of  friction  and  other  data  for  the  various  plates  tested 

GROUP  1— LOW  COEFFICIENTS  OF  FRICTION 


Metals  used 

Sur- 
face 
finish 

Direc- 
tion of 
move- 
ment 

Coefficient  of 
friction 

Average  maxi- 
mum variations 
from  mean 
thrust;  500 
pounds  per 
square  inch 
unit  bearing 
pressure'  no 
lubrication 

Wear 

Seizure— Percentage  of  slips  seized 

ries 

test 
iber  ' 

Lubri- 
cated 

No 
lubri- 
cation 

Lubri- 
cated 

No  lubrica- 
tion 

Lubricated— Unit  bearing 
pressure— 

No  lubrication— Unit  bearing 
pressure — 

250 
pounds 

500 
pounds 

750 
pounds 

1,000 
pounds 

250 
pounds 

500 
pounds 

750 
pounds 

1,000 

+ 

pounds 

C-R. S 

Pf 
Pm 
Pf 
Pm 
M 
Pf 
M 
Pf 
Pm 
Pc 

Pc 

Pm 
Pc 
M 

Pf 

Pf 
R 
M 
Pf 
Pc 

Pm 
M 

Pc 

Pm 

Pf 
Pf 
M 
M 
Pf 
R 
M 
M 
Pf 
R 
M 
Pm 
M 

0.106 
.110 
.112 
.116 
.118 
.123 
.127 
.  128 
.  128 
.128 

.130 

.132 
.  132 
.132 

.134 

.134 
135 

.135 

.136 

.137 

.137 
.  138 

.138 

.  138 
.  13S 
.  139 
I  Hi 
.11(1 
.  143 
.  146 
.146 
.  146 
.148 
.  lis 
.148 
.  150 
.  150 

Percent 
2.1 
l.ii 
1.7 
2.5 
3.2 
1.1 

1.  1 
l  6 
1.7 
1.8 

1.0 
3.3 
1.4 

2.  6 

1.2 
2.9 

i!o 

1.4 

1.3 

1.2 

2.8 

1.4 
1.1 
1.8 
1.4 
1.3 
3.1 
1.7 
1.5 
1.5 
1.5 
1.4 
.9 
1.  1 
1.1 

1;  ret  hi 
1.0 
2.4 

1.4 
1.3 
1.4 
1.5 
.  7 
1.5 
1  !l 
1.5 

2.7 

1.7 
1.4 
1.6 

1.0 

3.6 
1.3 
1.1 
2.4 
.9 

1.3 
1.0 

1.2 

2.7 
2.5 
2.4 
2.1 
1.9 
3.8 
1.2 
4.6 
1.6 
4.1 
1.9 
1.8 
2.8 
1.2 

In  eh  i.i 

Inches 

Percent 

Pi  rce  nt 

Peru  hi 

Percent 

Pi  r cent 

/  '■    i  nt 

P  reel 

Percent 

L.  B.  22-Stl.  S.._. 
C-C.  S 



6 

8.... 

4.... 

2 

3.... 
S.-_. 

2.... 

i.'.Y. 
i.... 

!0... 

L.._ 
6... 
10... 

!2    . 
•1 

1      - 
III 

C-Stl.S 

C-R. S 

A-R.  S 

0.121 
.110 

A-R. S 

B-R.  S 

A-R.  S _. 

L.  B.  22-L.  B.  22. 

L.  B.  17-L.  B.  17. 

P.  B.  E.-L.  B.22. 
L.  B.  8-L.  B.  8... 
B-R. S 

A-C.  S 

A-C 

A-C. S 

.  122 

0.001 
/F=0 

IM  =  .0005 

\ 

/ 

.115 

JA=0 

II'.  S.  =  .001 

} 

J 

.123 
.108 

D-R.S 

B-C.  S__ 

D-R.  S 

.121 

.126 
.112 

.116 

.126 

(D  =  .001 
IK.  S.=.002 

\ 

C-C. 

1 

2 

12 

16 

21 

A-C.  S._._ 

A-R.  S 

/A  =  .001 
\R.  S.  =  .002 

} 

A-A 

/ 

A-B 

B-C 

D-D.. 

.110 
.110 

.162 
.122 
.112 
.122 

D-C.  S 

A-A 

19 

31 

25 

18 

A-A 

D-D 

D-D. 

7 

B-D   

C-C 

'.185 
.  107 
.148 
.164 

52 

89 

92 

94 

0 

12 

12 

12 

A-A           

B-B 

C-C 

4 

11 

38 

38 

GROUP  2— INTERMEDIATE  COEFFICIENTS  OF  FRICTION 


16 

2    '.'. 

1      . 
i... 
I.  . 

D-C.  S 

A-A 

C.  S.-C.  S _. 

C.  I.-C.  I 

A-A 

A-D  .... 

Pf 
Pc 
M 
M 
Pm 
Pf 
Pm 
Pf 
Pf 
M 
R 
Pf 
Pc 

Pc 
Pm 
Pf 
M 
Pf 
Pm 

Pc 
Pf 
Pf 
M 
M 
C.  R. 
Pc 
R 
Pf 
Pm 
M 
Pf 
R 
Pm 
Pc 

Pm 
R 
R 

1 
3 
2 
1 
3 
1 
1 
1 
3 
3 
1 
1 

1 

3 
1 
1 
1 
1 

2 

1 
1 
1 
2 

3 
1 
1 
2 
1 
3 
1 
1 

3 

1 

2 

1 
1 

0  121 
.139 
.136 

0.  150 
.  1511 
.150 
.  150 
.151 
.  152 
.152 
.152 
.154 
.154 
.157 
.157 

.157 

.158 
.158 
.158 
.  158 
.  159 

.161 

.  161 
.162 
.  162 
.  162 
162 
.  162 
.  163 
.164 
.  165 
.  166 
.  167 
.  167 
.  168 
.170 
.172 

.  172 

.172 
.172 

0.  '.I 
3.0 
4.0 
2.9 
1.2 
1.5 
1.0 
1.3 
1.7 
.9 
1.7 
4.2 

1.5 

7.5 
2.4 
1.4 
-1   7 
1.0 

17.3 

2.1 

l.C 
5.3 
2.  1 
s  8 
3.5 
1.9 
2.2 
1.8 
1.3 
1.2 

1  'i 
2.3 

2  7 
.9 

7.9 
1.6 
1.6 

2.1 
1.2 
4.5 
4.5 
.9 
3.0 
2  II 
1.6 
1.4 
1.4 
2.3 
4.8 

.9 

1.9 
4.0 
2.4 
7.0 
2.6 

7.5 

1.7 
2,  3 
6.8 
1.4 
6  5 
2.8 
1.4 
3.2 
2  9 
1.5 
1.8 
3.7 

5.  3 
2.6 

.5 

6.  5 

.9 
1.9 

0.001 

0 

1 

12 
39 

35 

25 

.132 

D-D 

A-A 

A-A 

A-A __ 

A-A... 

C.  I.-C.  I 

A-A 

D-D 

D-R.  S... 

C-C 

C.  S.-M.  I 

D-R. S 

.148 

.128 
.134 
.128 
.146 

> 

2 

9 

4 

12 

.132 

.154 
.134 
».  190 

JF=0 

1 M  =  .002 

.001 
.001 

} 

/ 

73 

81 

97 

100 

0 

5 

24 

26 

.118 

.136 

.  144 
.154 
.152 
.  125 
.  144 

.  130 
.  121 

A-A 

.001 

/F=0 

)M  =  .001 

}          ^ 

48 

57 

45 

'1., 

97 

98 

88 

B-B 

B-B 

M.  I.-M.  I 

A-A 

0 

4 

45 

51 

C.  S.-C.  s 

P.  B.  F.-P.  B.  F. 
D-D 

5 

9 

35 

53 

A-A... . 

29 

C-D 

D-D 

B-B... 

.  162 
.121 

C.  S.-M.  I 

D-D . 

33 
0 
0 

56 
13 
11 

60 
44 
60 

70 

.130 

60 

P.  B.  F.-P.  B.  F. 
C-C 

D-D 

S9 

.  161 
.142 

.132 
.091 

.  11112 

fF=       0 
IM  =  .001 

I         » 

39 

39 

48 

10(1 
0 

mo 

0 

100 
1 

100 

B-B 

33 

D-D.  . 

irst  number  indicates  series;  remaining  numbers  indicate  individual  tests.    Where  2  test  numbers  are  shown,  they  refer  to  tests  of  lubricated  and  unlubricated 

•espectively. 

ubricant  removed,  coefficient  of  friction  dropped  to  (1.170. 

nbricant  removed,  coefficient  of  friction  dropped  to  0.152. 
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Table  3. — Coefficients  of  friction  and  other  data  for  the  various  plates  tested — Continued 

GROUP  3— HIGH  COEFFICIENTS  OF  FRICTION 


Metals  used 

Sur- 
face 

finish 

Direc- 
tion of 
move- 
ment 

Coefficient  of 
friction 

Average  maxi- 
mum variations 
from  mean 
thrust;  500 
pounds  per 
square  inch 
unit  bearing 
pressure;  no 
lubrication 

Wear 

Seizure- 

-Percentage  of  slips  seized 

Series 
and  test 
number 

Lubri- 
cated 

No 

lubri- 
cation 

Lubri- 
cated 

No  lubrica- 
tion 

Lubricated— Unit  bearing 
pressure— 

No  lubrication— Unit  hearts 
pressure— 

250 
pounds 

500 
pounds 

750 
pounds 

1,000 
pounds 

250 
pounds 

500 
pounds 

750          1,01 
pounds   poll 

+ 

- 

21-17-18 

R.  S.-R.  S 

D-C. S 

C.  S.-C.  S 

M.  I.-C.  I 

M.  I.-C.  I 

P.  B.  E.-P.  B.  E 

R.  S.-R.  S 

M.  I.-M.  I 

C.  S.-R.  S 

R.  S.-M.  I 

R.  S.-M.  I 

C.  S.-C.  s 

c.  s.-c.  s 

D-D 

C.  S.-C.  s 

D-D 

P.  B.  E.-P.  B.  E. 

C.  S.-C.  S 

C.  S.-C.  I 

D-D 

M 
R 
Pc 
Pf 
M 
Pm 
M 
M 
M 
M 
Pf 
M 
Pp 
Pf 

Pc 

R 

C.R. 

Pf 

M 

Pf 

Pc 
Pf 
Pc 
M 
Pf 
Pf 
Pf 

Pc 

Pf 

M 

Pf 
Pf 

Pf 

Pc 
P.. 
Pc 

Pc 

3 

3 
2 

3 

3 

3 
2 

0.141 
.110 

.150 

0.174 
.174 

.174 

.  174 
.174 

.175 
.176 
.178 
.182 
.182 
.183 
.186 
.187 
.190 

.190 

.  194 
.195 
.198 
.203 

.  204 

.20S 
.210 
.211 

.  215 
.218 

2211 
220 

.221 

.238 

.  239 

.213 
.266 

.275 

.  391) 
.  392 
.14S 

.  156 

Percent 
13.2 
2.5 

8.7 

2.0 

6.8 

2.2 
17.1 

8.6 
11.6 

7.5 
14.8 
12.2 
19.8 

4.0 

16.  7 

2.0 
8.4 
17.8 
1.6 

5.4 

13.0 
4.7 
17.9 
15.0 
18.2 
19.0 
15  9 

16.8 

17.  1 

8.7 

12.6 
12.8 

9.4 

Percent 
12.0 
5.1 
3.2 

4.6 

2.2 
4.4 

12.1 
5.9 
7.8 
5.3 
9.6 
7.4 

10.6 
5.5 

13.4 
3.5 
7.6 
9.9 
3.3 

10.  4{ 

9.7 
9.5 
13.0 
17.6 
15.3 
14.7 
17.2 

16  o| 

16.  S 
1.8 
13.4 
16.6 
11.0 

Inches 

Inches 

Percent 

Percent 

Percent 

Percent 

Percent 
19 

Percent 
43 

Percent '  Pen 
42 

14-5-6 

19-1-2 

23-1 

0.001 

0.002 
JM.I.  =  .001 
\C.  I.=0 

)- 

0 

5 

10 

26 

1 
0 

1 
0 

2 
18 

23-2 

29-2     . 

6 
34 
31 
49 
52 
43 
36 
42 

n 

15 

0 
0 
29 
0 

6 

0 
63 
25 
23 
51 
80 
70 

19 

94 

81 

28 
69 

87 
100 
100 
100 

100 

8 
41 
40 
76 
63 
62 
55 
69 
46 
40 

26 
2 
87 
18 
57 

17 

78 
56 
48 
81 
89 
78 
59 
93 
S6 

64 

88 

92 

82 
75 
49 
75 
78 
77 
76 
83 
78 
54 

63 

3 

91 

58 

61 

35    . 

84 

66    .. 
77 

90    .. 
90    . 

89  .. 
66    .. 

97  . 
93    . 

81    . 

98  . 

90  . 

21-15-16 

.140 
.  135 
.  130 

22-3-4 

20-5-6... 

27-2. 

27-1... 

19-13-14 

.131 
.  145 
.162 

.150 

.131 

.001 

19-11-12. . 

2 

4-15-16. . 

19-5-6 

4-29-30... 

.001 

/F  =  .001 
\M  =  .002 

} 

10 

14 

22 

44 

29-1 

19-9-10. . . 

.  HI 

26-2 

- 

4-17-18... 

.176 
.160 
.  !  11 
.166 
.134 
.140 
.  165 

F=0 
M=.001 
.001 

} 

20-1-2.... 
4-13-14... 

C.  S.-R.  8 

D-D 

/ 

.002 
.001 
.001 

10 

10 

21 

30 

21-5-6 

21-13-14.. 

R.  S.-R.  S 

C.  S.-C.  S 

R.  S.-R.  S 

C.  S.-C.  I 

R.  S.-R.  S 

C.  S.-R.  S 

R.  S.-C.  I 

R.  S.-R.  S 

R.  S.-R.  S 

R.  S.-C.  I 

A-A 

8 

15 

43 

19-7-8 

21-11-12.. 

38 

68 

72 

76 

26-1 

21-1-2 

20-3-4.... 

.  1.54 
.  100 

F^<1 

\1       Mill 

}              .001 

1 
1- 

} 
} 

6 
6 

15 

26 

26 
52 

35 
63 

28-2 

/C.  I.=0 
\R.  S.  =  .001 

21-9-10... 

.  156 

.  155 

3 

2 

8 
8 

13 
49 

56 
63 

21-7-8 

28-1 

re.  i.=o 

\R.  S.  =  .001 

1-3-4 

.320 
.241 

.21') 

.  356 

Seized 
Seized 
Seized 

Seized        I 

100 

92 
92 
100 

19-3-4 

C.  S.-C.  S 

D-D 

.001 

1-3-4 

21-3-4 

R.  S.-R.  S 

F^0 

M-.001 

F=0 
M=.001 

TESTS  OF  RUSTED  PLATES 


24-4. 
24-2. 


C.  I.-C.  I. 
('.  I.-C.  I. 


M 
Pf 


V  488 

'.  598 


Seized 
Seized 


«.  001 
5.002 


101) 
97 


1  Surfaces  rusted  hy  exposure 

'Rust  only  wore  oil,  no  decrease  in  original  thickness. 

The  symbols  used  are  explained  as  follows: 
Metals— 

A  =  Bronze,  A.  S.  T.  M.  Specification  B22-21,  class  A. 

B  =  Bronze,  A.  S.  T.  M.  Specification  B22-21,  class  B. 

C  =  Bronze,  A.  S.  T.  M.  Specification  B22-21,  class  C. 

C.  I.  =  Cast  iron,  A.  S.  T.  M.  Specification  A48-29,  heavy. 

C.  S.  =  Cast  steel,  A.  S.  T.  M.  Specification  A27-24,  class  B  medium. 

D  =  Bronze,  \.  S.  T.  M.  Specification  B22-21,  class  D. 

L.  B.  22= Lead  bronze-22  percent  lead. 

L.  B.  17  =  Lead  bronze-17  percent  lead. 

L.  B.  8  =  Lead  bronze-8  percent  lead. 

Direction  of  movement— 

1  =  Direction  cf  movement  and  direction  of  finishing  cuts  parallel. 

2=Direction  of  movement  at  right  angles  to  finishing  cuts,  finishing  cuts  parallel. 

3  =  Direction  of  the  finishing  cuts  at  right  angles. 


Metals— Continued. 

M.  I.  =  Malleable  iron,  A.  S.  T.  M.  Specification  A47-30. 

P.  B.  E.  =  Pho?phor  bronze.  A.  S.  T.  M.  Specification  B22-21,  class  A. 

P.  B.  F.  =  Phosphor  bronze,  A.  S.  T.  M.  Specification  B22-21,  class  B. 

R.  S.  =  Rolled  steel,  A.  S.  T.  M.  Specification  A7-29,  structural  ?rade. 

Stl.  S.  =  Stainless  steel. 
Wear  — 

M=Movable  plate. 

F  =  Fixed  plate. 


In  60  tests  of  unlubricated  plates  the  mean  values  of 
the  coefficient  of  friction,  for  the  last  10  sets  of  slips 
under  each  of  the  four  loads,  showed  a  tendency  to 
remain  constant  or  to  decrease  slightly,  and  in  17  tests 
this  value  showed  a  tendency  to  increase  slightly,  while 
in  the  tests  of  lubricated  plates  this  value  for  44  re- 
mained constant  or  decreased  and  33  showed  a  marked 
tendency  to  increase. 


Figure  7  shows  data  from  one  of  the  tests  in  whii 
this  tendency  for  the  resistance  to  increase  as  the  te 
progressed  is  evident.  The  example  given  is  a  typic 
rather  than  an  extreme  case. 

In  four  tests  (1-15-16,  3-5-6,  3-7r8,  and  3-9-10)  tl 
lubricated  plates  showed  greater  friction  than  the  U 
lubricated  plates,  and  in  all  four  cases  the  lubricati 
plates  seized  while  unlubricated  plates  seized  in  on 
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BEARING 
PRESSURE 


-FIXED   PLATE 
-MOVABLE     PLATE 


■T=  THRUST   CAUSING 
SLIP 

CYLINDRICAL    MOVABLE 
MEMBER 


-5" >■ 


-MOVABLE     PLATE 
-FIXED    PLATE 


coefficient  of  friction  (aj  =  t/2 

Figure  3. — -Arrangement  of  Bearing  Plates  During  Test, 
Showing  the  Forces  Involved  in  Calculating  the  Coef- 
ficient of  Friction  (k). 

one  case.  In  two  tests  (3-5-6  and  3-9-10),  where  the 
friction  with  lubrication  was  greater  than  without, 
lubrication,  all  lubricant  was  washed  off  with  naphtha 
at  the  end  of  the  tests  and  a  single  set  of  20  slips  under 
each  of  the  four  loadings  was  run  without  lubricant. 
These  results  showed  a  definite  decrease  in  the  co- 
efficients of  friction  (from  0.190  and  0.185,  when 
lubricated,  to  0.152  and  0.170,  respectively)  with  no 
lubrication. 

In  group  1  of  table  3  there  were  21  combinations  that 
were  tested  both  with  and  without  lubrication.  Of 
these  21  combinations,  the  coefficients  of  friction  of  the 
lubricated  plates  in  6  cases  showed  a  tendency  to 
increase  and  in  15  cases  a  tendency  to  remain  constant 
as  the  tests  progressed,  while  in  the  same  21  combina- 
tions, where  unlubricated  plates  were  used,  only  2 
cases  showed  a  tendency  to  increase,  10  remained 
constant,  and  3  decreased. 

In  group  2  of  table  3  there  were  29  combinations 
available  for  a  similar  comparison.  In  these  29  tests 
the  tendencies  of  the  coefficients  of  friction  to  vary  were 
as  follows:  When  lubricated  plates  were  used,  18  showed 
a  tendency  to  increase,  10  to  remain  constant,  and  1  to 
decrease.  With  no  lubrication,  3  combinations  showed 
a  tendency  to  increase,  23  to  remain  constant,  and  3 
to  decrease. 

In  group  3  of  table  3,  27  combinations  were  available 
for  comparison  and  the  following  tendencies  to  vary 
were  noted.  With  lubricated  plates  9  combinations 
showed  a  tendency  to  increase,  17  to  remain  constant, 
and  1  to  decrease.  With  the  unlubricated  plates,  12 
combinations  showed  a  tendency  to  increase,  12  to 
remain  constant,  and  3  to  decrease. 

LUBRICANT  OF  QUESTIONABLE  PERMANENT  VALUE  IN  REDUCING 
FRICTION 

Considering  groups  1  and  2,  as  comprising  the  most 
desirable  combinations,  table  4  shows  the  general 
tendencies  of  the  coefficients   to  vary  and  permits  a 


comparison  to  be  made  between  the  lubricated  and 
unlubricated  plates  in  this  respect. 

2,000  , ■ -. , 

1.000  POUNDS   PER    SQUARE    INCH 


MAXIMUM    THRUST  FOR  SET 
MEAN    THRUST  FOR  SET 
MINIMUM  THRUST  FOR  SET 
AVERAGE   OF  SETS    6  TO  IS 


3   1.250 


BEARING     PRESSURE -POUNDS    PER    SQUARE    INCH 

250  500  750  1000 


6  7  8  9 

SET    NUMBER 


12         13         14 


Figure  4. — Relations  Between  Bearing  Pressure  and 
Thrust  at  Which  Slip  Occurred  for  Test  Series  36, 
No.  1,  Showing  Derivation  of  Coefficient  of  Friction  (fc): 
Bronze  C  on  Stainless  Steel;  Medium-planed  Finish; 
Movement  Parallel  to  Finishing  Cuts;  No  Lubrication; 
No  Wear;  and  No  Seizure. 


II         12        13        14        15 


SET    NUMBER 


Figure  5. — Relations  Between  Bearing  Pressure  and 
Thrust  at  Which  Slip  Occurred  for  Test  Series  16,  No.  1. 
Bronze  B  on  Rolled  Steel;  Fine-planed  Finish;  Move- 
ment Parallel  to  Finishing  Cuts;  No  Lubrication;  No 
Wear;  and  No  Seizure. 
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SET    NUMBEfi 

Figure  G. — Relations  Between  Bearing  Pressure  and 
Thrust  at  Which  Slip  Occurred  for  Test  Series  21, 
No.  17.  Rolled  Steel  on  Rolled  Steel;  Milled  Finish; 
Movement — Finishing  Cuts  at  Right  Angles;  No  Lubri- 
cation; No  Wear;  Seizure  at  250  Pounds  Per  Square 
Inch,  19  Percent  of  Slips;  at  500  Pounds,  43  Percent;  at 
750  Pounds,  42  Percent;  and  at  1,000  Pounds  per  square 
Inch,  70  Percent  of  Slips. 

Table  4.- — Variations  in  coefficient  of  friction  in  tests  of  lubricated 
and  unlubricated  plates 


Condition  of  plates 

Variation  in  coefficient  of  friction  during  last  20 
sets  of  slips 

Constant 

Increased 

Decreased 

Unlubricated 

Number  of  tests 
39 
25 

Number  of  tests 
5 
24 

Number  of  tests 
6 

Lubricated 

SET    NUMBER 

Figure  7. — Relations  Between  Bearing  Pressure  and 
Thrust  at  Which  Slip  Occurred  for  Test  Series  14,  No. 
6.  Bronze  D  on  Cast  Steel;  Rolled  or  Planished  Fin- 
ish; Movement  Parallel  to  Finishing  Cuts:  Plates 
Lubricated;  No  Wear;  and  No  Seizure. 

Ill  group  1,  the  values  for  the  lubricated  plates  are 
on  an  average  11.5  percent  less  than  the  values  for  the 
unlubricated  plates,  while  in  groups  2  and  3  the  differ- 
ences in  favor  of  the  lubricated  plates  are  13.8  percent 
and  28.3  percent,  respectively. 

It  appears  that,  although  lubrication  with  the  type 
of  lubricant  used  causes  an  initial  decrease  in  friction, 
with  continued  movement  the  lubricant  is  forced  out 
from  between  the  plates  and  the  friction  increases  until 
it  may  equal  or  surpass  that  of  the  unlubricated  plates. 
The  smoother  the  finish,  the  sooner  the  beneficial  effects 
of  lubrication  appear  to  be  dissipated. 

Inasmuch  as  the  beneficial  effects  of  lubrication  for 
the  most  desirable  combinations  (groups  1  and  2)  are 
small  and  since  in  many  of  the  tests  these  effects  de- 
creased during  the  comparatively  limited  number  of 
movements  made  in  a  test,  it  seems  probable  that  the 
use  of  a  single  application  of  graphite  grease,  or  other 
lubricant  which  will  flow,  is  of  but  little,  if  any,  per- 
manent value  when  used  between  flat  plates  subject  to 
load  intensities  such  as  used  in  these  tests. 

In  considering  the  effects  of  surface  finish  on  friction, 
19  groups  of  tests  with  machined  surfaces  are  available 
for  comparison.  In  making  the  comparison,  tests  of 
unlubricated  plates,  with  direction  of  movement  and 
direction  of  finishing  cuts  parallel,  were  used.  The 
results  of  these  tests  are  assembled  in  table  5  in  four 
groups: 

1.  Like  metals  (ferrous). 

2.  Unlike  metals  (ferrous). 

3.  Like  metals  (bronze). 

4.  Unlike  metals  (ferrous  and  bronze). 

In  groups  1  and  2  the  fine-planed  finish  gave  the 
highest  values  of  the  coefficient  of  friction  and  the 
milled  finish  gave  the  lowest  values  except  in  the  case 
of  cast  iron  on  cast  iron,  for  which  the  lowest  value  was 
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Table  5. — Effect  of  surface  finish  on  magnitude  of  coefficient  of 
friction;  all  plates  unlubricated;  direction  of  movement  and 
direction  of  finish  parallel 

GROUP  1— LIKE  METALS-FERROUS 


Metals 

Finish 

Coefficient 
of  friction 

Seizure 

R.  S. - 

1    Pf 
Po 

I    M 

1    Pf 

ill 

0.  260 
.  22 1 
.  215 
.  218 
.  186 
.  174 
.  157 
.  150 

Yes 
Yes 

C.  s        .      

Yes. 
Yes. 

r  i         

Yes 

\es. 

GROUP  2-UNLIKE  METALS-FERROUS 


R.  S.-O.  I 

f    Pf 
1    M 

1    Pf 
Pc 

1    M 
1    Pf 
I    M 
J    Pf 
I    M 
/    Pf 
1    M 
J    Pf 
1    M 

0.  275 
.  239 
.  238 
.  208 
.  182 
.  221 1 
203 

.  171 
.  171 

.  158 

C.  S.-R.  S 

C.  S.-C.  I 

\  es. 
Yes. 

Yes. 
Yes. 
Yes. 

R.  S.-M.  I 

Yes. 

M.  I.-C.  I 

~i  es. 
Yes. 

No. 
Yes. 

GROUP  3— LIKE  METALS— RROXZE 


f     Pf 

0.210 

Yes. 

R 

.  172 

No. 

D _ 

Pc 

Pm 

.  163 
.  152 

Xo. 

No. 

{    M 

.  140 

Xo. 

f     1< 

.  172 

Yes. 

M 

.  167 

No. 

\    Pf 

.  162 

Xo. 

Pc 

.  li.l 

Xo. 

[  Pm 

.  17.0 

NTo. 

f    pc 

.  172 

No. 

Pf 

.  158 

Xo. 

i 

I    M 

150 

Xo 

R 

.  lis 

Yes. 

[   Pm 

.  137 

Xo. 

(   Pc 

.  17.7 

No. 

R 

.  177 

Xo 

A       

Pf 

M 

152 

No 

.148 

\o 

1    I'm 

.  13S 

No 

GROUP  4— UNLIKE  METALS-FERROUS  AND  BRONZE 


D-C.  S 
D-R.  S 

A-H.  S 

A-C. S. 

B-R.  S. 
C-R.  S. 


j K 

0.  171 

Pf 

.  150 

1    M 

.  140 

f    pF 

.  159 

1    Pm 

.  158 

1      Pi 

.  137 

1    M 

.  135 

f   Pc 

.  138 

Pm 

.  128 

M 

.  127 

1   Pf 

.  123 

1    M 

.  138 

R 

.  135 

I    Pf 

.  134 

r  m 

I   Pf 

.  132 

.  128 

i    M 
1    Pf 

.  lis 

.  106 

Xo. 
No. 
Xo. 
No. 
No. 
No. 
No 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 


Symbols  used  are: 
A = Bronze  A. 
B  =  Bronze  B. 
C  =  Bronze  C. 
D  =  Bronze  D. 


C.  I.  =  Cast  iron. 
C.  S.  =  Cast  steel. 
M.  I.  =  Malleable  iron. 
R.  S.  =  Rolled  steel. 


given  by  the  coarse-planed  finish.  Seizure  was  noted 
in  100  percent  of  the  tests  in  group  1  and  92  percent  of 
those  in  group  2. 

In  group  3  either  the  medium-planed  or  the  milled 
finishes  had  the  lowest  values  of  the  coefficient  of  fric- 
tion. Seizure  was  noted  in  only  15  percent  of  the  20 
tests  comprising  this  group. 

107715—36 2 


In  group  4  the  fine-planed  and  milled  finishes  gave 
the  most  satisfactory  results.  No  seizure  was  noted 
in  this  group. 

Tests  were  made  of  combinations  of  two  grades  of 
cold-rolled  phosphor  bronze,  with  surfaces  as  rolled 
at  the  mill.  In  both  cases  the  direction  of  movement 
and  the  directions  of  finish  of  all  plates  were  parallel. 
Phosphor  bronze  E  showed  a  high  coefficient  of  friction, 
falling  within  the  highest  20  percent  of  all  tests  made. 
Seizure  was  noted  in  G  percent  of  the  slips  under  the 
maximum  loads.  Phosphor  bronze  F,  under  similar 
conditions  of  test,  gave  a  coefficient  of  friction  within 
the  higher  50  percent  of  all  tests  made,  and  no  seizure 
was  noted. 

An  attempt  to  determine  the  comparative  merits  of 
a  cold-rolled  finish  and  a  machined  finish  was  later  made. 
The  cold-rolled  phosphor  bronze  specimens,  both  E 
and  F,  were  machined  with  a  medium-planed  finish 
(PM)  and  tested  in  like  pairs.  No  lubrication  was 
used  and  tests  were  made  with  the  direction  of  the 
finishing  cuts  of  the  contact  faces  at  right  angles  (M3). 
Data  from  former  tests  indicated  the  above  finish 
and  direction  of  movement  to  be  satisfactory  for  use 
with  like  bronzes. 

The  results  of  these  tests  (series  29  and  31)  are 
shown  in  the  general  compilation  of  test  results  in 
table  3.  By  comparing  the  results  it  will  be  seen 
that  no  wear  was  apparent  in  any  of  these  tests.  In 
the  case  of  phosphor  bronze  E,  the  machined  surfaces 
showed  a  10-percent  decrease  in  friction  when  compared 
with  the  cold-rolled  finish,  while  in  the  case  of  phosphor 
bronze  F  the  machined  plates  showed  approximately  a 
5-percent  increase  in  friction  in  comparison  with  the 
cold-rolled  plates.  Both  materials,  when  tested  with 
machined  surfaces,  showed  a  marked  increase  in  the 
number  of  slips  which  seized,  from  a  maximum  of  6 
percent  to  87  percent  in  series  29  and  from  a  maximum 
of  0  percent  to  89  percent  in  series  31.  However,  the 
intensity  of  seizure,  as  evidenced  by  the  lack  of  violence 
of  the  jump  and  the  small  distances  moved  under 
lateral  thrust,  was  low  in  both  tests.  The  percentage 
of  maximum  variation  from  the  mean  thrust  at  slip 
was  lower  when  machined  surfaces  were  used  than  when 
cold-rolled  surfaces  were  used. 

If  due  consideration  is  given  to  the  variations  from 
the  mean  thrust  necessary  to  cause  slip  found  in  the 
several  tests,  and  to  the  limited  number  of  comparisons 
made  for  the  two  finishes,  the  limited  differences  in 
coefficient  of  friction  found  indicate  no  marked  superi- 
ority for  either  finish. 

MILLED  FINISH   WITH  FINISHING   CUTS  AT   RIGHT   ANGLES  FOUND 
MOST  SATISFACTORY 

Two  tests  were  made  of  cast-iron  plates,  one  with  a 
fine-planed  surface  and  one  with  a  milled  finish,  all 
surfaces  rusted  by  exposure  to  weather.  The  friction 
developed  was  excessive  in  both  series  and  only  under 
the  lowest  unit  bearing  pressure  used  (250  pounds  per 
square  inch)  could  slipping  be  produced. 

From  the  results  shown  in  table  5  the  following  con- 
clusions seem  reasonable: 

1.  A  milled  finish  is  most  satisfactory  when  ferrous 
materials  are  used  in  combination. 

2.  A  milled  or  medium-planed  finish  is  most  satis- 
factory for  combinations  of  like  bronzes. 
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3.  A  milled  or  fine-planed  finish  is  most  satisfactory 
for  combinations  of  ferrous  materials  with  bronzes. 

In  connection  with  these  conclusions,  it  should  be 
remarked  that  the  spread  of  values  resulting  from  dif- 
ferences in  surface  finish  is,  in  general,  not  great  and 
in  many  cases  the  differences  between  average  coeffi- 
cients of  friction  for  two  or  more  finishes  on  a  particular 
combination  of  metals  are  so  small  as  to  lack  signifi- 
cance.    Fine  distinctions  are  therefore  not  warranted. 

There  are  available  for  purposes  of  comparison  16 
groups  of  tests  in  which  all  three  directions  of  move- 
ment were  tested  with  the  same  combinations  of  ma- 
terials. Fourteen  of  these  groups  covered  the  three 
planed  and  milled  finishes  and  two  groups  covered  the 
rolled  or  planished  finish.  »"*■*. 

For  each  material  the  three  coefficients  of  friction 
corresponding  to  the  three  directions  of  movement 
were  arranged  in  order  of  decreasing  values  of  the  co- 
efficients of  friction  and  grouped  under  each  of  the 
surface  finishes  considered.  These  data  are  shown  in 
table  6. 

The  14  groups  of  tests  covering  the  3  planed  finishes 
and  the  milled  finish  were  considered  as  a  unit,  the 
rolled  or  planished  finish  being  considered  alone. 

For  the  14  groups  of  tests,  summations  were  then 
made  of  the  total  number  of  times  each  of  the  three 
directions  of  movement  occurred  in  the  high,  inter- 
mediate, and  low-value  groups  of  the  coefficient  of 
friction  for  each  combination  of  material  and  each 
surf  ace  finish  shown  in  table  6.  These  totals  were  then 
converted  into  percentages  of  the  total  number  of 
groups  of  tests,  which  resulted  in  the  relations  between 
the  three  directions  of  movement  shown  in  table  7. 


Table  6.- 

-Eff 

ecfof  direction  of  movement  on  the 

magnitude 

of  the 

coefficient  of  friction,  for  like  metals  in  combination,  un 

lubricated 

Coarse- 
planed 
finish 

Medium- 
planed 
finish 

Fine-planed 
finish 

Milled 
finish 

Rolled  or 

planished 

finish 

Materials 

used 

a 

+j-« 

a 

*j  -a; 

a 

+j  -^ 

□ 

**■** 

a  m 

c^ 

a  2 

a*— 

a  » 

a— - 

c  » 

a^ 

a  ® 

a^- 

sB 

.2  a 

26 

«B 

SB 

.2  c 

o£ 

.2  a 

°a 

.2  c 

*j  cd 

o  o 

+-  <u 

o  o 

«  a> 

o  o 

Co  o 

as 

2  > 
•x  3 

o.2 

co  .2 
O  i- 

o  > 

.§1 

S'S 
o.2 

O  i- 

o  > 

«  o 

5a 

qj  .2 

Qc 

Q- 

Qe 

o- 

uc 

Q- 

o- 

o*~ 

|  M2 

1 0. 390 

M2 

10.161 

M3 

1 0. 154 

M2  ' 

0.162 

M2 

10.161 

Bronze  A... 

\  M, 

.157 

M3 

.151 

Mi 

.152 

Jl; 

i  .154 

Mi 

.157 

1  M, 

.150 

Mi 

.138 

M2 

.143 

Mi 

.148 

M3 

1.  146 

I  M2 

1.448 

M2 

M72 

Mi 

1.210 

M2 

.146 

M3 

1.194 

Bronze  D... 

\  M, 

.163 

Ms 

.166 

M3 

1.204 

M3 

.146 

Mi 

.172 

1  Mj 

.158 

M, 

.152 

M2 

1.190 

Mi 

.  140 

M2 

1.168 

1  M2 
\  M, 
t  M3 
1  Mj 

{  M3 
I  M, 

1.456 
1.224 
1.211 
1.392 
1.190 
M74 

Mi 
Mj 
M3 
Mi 
M2 
M3 

1.266 
1.243 
1.220 
1.218 
1.198 
M87 

Mi 

M2 
M3 
Mi 

Mj 

M2 

1.215 
1.176 
M74 
1.186 
1.162 
1.150 

Rolled  steel. 

Cast  steel... 

1  Seizure  occurred. 

Symbols  used  are: 

Mi  =  Direction  of  movement  and  finish  of  plates  parallel. 

M2=Direction  of  finish  of  plates  parallel,  direction  of  movement  normal  to  direc- 
tion of  finish. 
M3  =  Direction  of  finish  of  plates  at  right  angles. 

It  will  be  seen  that  93  percent  of  the  tests  in  which 
movement  M3  was  used  fall  within  the  groups  of  low 
and  intermediate  values  of  the  coefficient  of  friction, 
while  79  percent  of  the  tests  in  which  movement  M2 
was  used  fall  within  the  groups  of  high  and  intermediate 
values  of  the  coefficient  of  friction.  Those  tests  in 
which  movement  M,  was  used  are  equally  divided 
between  the  groups  of  low  and  intermediate  and  high 
and  intermediate  values  of  the  coefficient  of  friction, 
being  64  percent  in  both  cases. 


Table  7. — Classification  of  values  of  coefficient  of  friction  for  the 
various  directions  of  movement 


Values  of  coefficient  of  friction 

(*) 

Percentage  of  tests  using  each 
direction  of  movement 

M2 

Mi 

M3 

High 

Percent 

57 
22 
21 

Percent 
36 
28 
36 

Percent 

7 

50 

43 

Symbols  used  are: 

Mi  =  Direction  of  movement  and  finish  of  plates  parallel. 

M2= Direction  of  finish  of  plates  parallel,  direction  of  movement  normal  to  direc- 
tion of  finish. 
M3=Direction  of  finish  of  plates  at  right  angles. 

In  the  same  14  groups  of  tests  seizure  was  noted  as 
follows:  For  movement  M2,  11  groups  or  79  percent 
seized;  for  movement  M3,  9  groups  or  64  percent 
seized;  for  movement  M1;  7  groups  or  50  percent 
seized.  The  combinations  of  like  ferrous  materials 
seized  in  all  tests  while  the  combinations  of  like  bronzes 
seized  in  only  9  out  of  24  tests  or  in  38  percent. 

If  the  bronze  and  ferrous  materials  are  considered 
separately,  table  6  gives  the  following  indications  for 
bronzes: 

For  finish  Pc  movement  M3  is  best  and  movement  Mi 
ranks  second. 

For  finish  PM  movement  Mx  is  best  with  movement 
M3  ranking  second. 

For  finish  PF  movement  M2  is  best  with  movements 
Mi  and  M3  rating  equally  for  second  place. 

For  finish  M  movement  M,  is  best  with  movement 
M3  second,  with  but  slight  differences  between  the  two. 

This  tabulation  shows,  as  has  already  been  concluded 
from  table  5,  that  for  bronzes  in  combination  the 
milled  or  medium-planed  finishes  give  the  lowest 
coefficients  of  friction.  For  these  finishes,  direction  of 
movement  Mi  is  most  satisfactory,  although  in  general 
there  is  not  a  great  difference  between  the  coefficients 
for  Mi  and  M3. 

For  ferrous  materials,  table  6  indicates  that,  consid- 
ering all  finishes,  direction  of  movement  M3  is  superior 
to  Mi  and  M2,  since  it  gives  the  lowest  values  in  4  out 
of  6  groups.  However,  in  the  case  of  the  milled  finish, 
the  difference  between  M3  and  M2  is  not  significant. 

It  is  apparent  from  table  6  that,  in  the  two  groups  of 
tests  with  rolled  or  planished  finishes,  direction  of 
movement  had  no  pronounced  effect,  as  both  high  and 
low  values  of  the  coefficients  of  friction  were  evenly 
divided  between  movements  M2  and  M3  and  seizure 
was  noted  in  both  the  high  and  low  groups.  No 
seizure  was  noted  for  movement  Mi. 

If  one  finish  and  one  direction  of  movement  were  to 
be  selected  for  all  combinations  of  metals,  the  one  that 
would  probably  be  most  generally  satisfactory  would 
be  the  milled  finish  with  the  finishing  cuts  at  right 
angles  (M3). 

combinations  of  like  or  unlike  ferrous  materials  had 
highest  coefficients  of  friction 

In  the  190  tests  made,  only  31  (exclusive  of  2  tests 
with  rusted  cast  iron)  showed  evidence  of  wear,  the 
loss  in  thickness  varying  from  0.0005  to  0.0020  of  an 
inch.  Of  the  31  tests  showing  wear,  22  were  of  like 
materials  (10  bronzes  and  12  ferrous  materials)  and  9 
were  of  unlike  materials  (4  bronzes  in  combination  with 
ferrous  materials  and  5  combinations  of  unlike  ferrous 
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Table  8. — Effect  of  materials  on  the  magnitude  of  the  coefficient  of  friction  (111  unlubricaied  sets  considered) 


Group  no.  1—37  lowest  values  of  k  i 


Number 
filiation  of  materials  used       of  sets 

tested       Number 
of  sets 


Total. 


e  and  ferrous. 

bronzes 

ronzes 

ferrous 

rrous. 


Ill 


Peroenl 

age  of  sets 
tested 


81  8 
71.4 
29.  8 


Number 
of  sets 

showing 
seizure 


Number 

of  sets 

showing 

wear 


<  (roup  no.  2—37  intermediate  values  of  k 


Number 
of  sets 


Percent- 
age of  sets 
tested 


13.6 
28.6 
53.2 
15.4 
12.7 


Number 
of  sets 

showing 
seizure 


Number 

of  sets 
showing 


i  iroup  no.  3—37  highest  values  oft 


tested 


17.0 
84  6 
77.3 


Number 
of  sets 

showing 
seizure 


N  ntn  i ...  1 

of  sets 

showing 

wear 


t=  Coefficient  of  friction. 

iprials);  9  were  lubricated  and  22  were  unlubricated. 
nty  seized  during  testing  and  1 1  did  not  seize, 
i  20  cases  wear  was  evident  where  a  coarse-planed 
§h  (Pc)  was  used,  in  3  cases  where  a  medium-planed 
(Pm)  was  used,  in  5  cases  where  a  fine-planed 
h  (PF)  was  used,  and  in  3  cases  where  a  milled 
b  (M)  was  used. 

ear  occurred  in  20  cases  where  the  direction  of 

iement  and  the  directions  of  finish  of  both  plates 

i  parallel  (Mi),  in  6  cases  where  the  directions  of 

ih  were  parallel  and  the  direction  of  movement  was 

laal  thereto  (M2),  and  in  5  cases  where  the  direc- 

:=  of  finish  of  the  plates  were  at  right  angles  (M3). 

sventeen  of  the  combinations  showing  wear  con- 

d  of  ferrous  materials,  10  combinations  consisted 

ronzes,  and  4  combinations   consisted   of  bronze 

ferrous  materials.     In  three  cases,  where  unequal 

•  occurred  in  the  two  plates  of  a  combination  of 

ze  and  ferrous  metal,  the  ferrous  materials  showed 

greater  wear. 

reaching  any  conclusion  with  respect  to  the  im- 

|ance  of  wear  as   disclosed    by   these    tests,    con- 

•ation  should  be  given  to  the  fact  that  the  wear 

rved  took  place  during  only  1,200  slips  of  the  test 

s  and  that  this  number  of  movements  represents 

a  very  limited  part  of  the  total  number  to  which 
ing  plates  may  be  subjected  during  their  useful 

Measurable  wear  occurred  in  only  a  small  per- 
llage  of  the  total  number  of  tests,  and  in  the  raa- 
y  of  the  cases  where  it  did  occur,  either  a  coarse- 
led  finish,  which  would  not  be  recommended  in  any 

or  a  finish  or  direction  of  movement  unsuited  to 
particular  combinations  of  metals  involved  was 
.  Therefore,  it  seems  probable  that  when  a  proper 
tion  of  materials  and  surface  finishes  is  made,  wear 
be  expected  to  be  negligible. 

rice  the  use  of  a  lubricant  appeared  to  be  of  doubt- 
glue  in  permanently  decreasing  the  coefficients  for 
fi  materials,  and  furthermore,  since  tests  of  lubri- 
combinations  were  not  made  in  all  cases,  only 
111  tests  of  unlubricated  plates  listed  in  table  3 
s  of  rusted  plates  excluded)  were  considered  in 
Tmining  the  relative  merits  of  the  materials  tested 
|se  in  bridge  bearing  plates. 

b  arranging  these  1 1 1  tests  in  the  order  of  increasing 
Cedents  of  friction  and  dividing  them  into  three 
jps  of  37  tests  each,  the  results  shown  in  table  8 
ii  obtained.  These  clearly  indicate  that  combina- 
i?  of  bronze  and  ferrous  materials  and  of  unlike 
zes  in  combination  are  the  most  efficient,  as  18  out 

total  of  22.  or  82  percent,  and  5  out  of  7,  or  71 
feat,  respectively,  of  the  total  number  of  tests  made 


of  these  two  classes  of  combinations  fall  within  the 
group  having  the  lowest  coefficients  of  friction  (group  1, 
table  8).  Moreover,  these  two  classes  of  combinations 
comprise  23  out  of  a  total  of  37,  or  62  percent  of  the 
total  tests  falling  in  group  1. 

In  group  1,  seizure  was  noted  in  only  two  combina- 
tions and  was  small  in  amount.  These  were  like 
bronzes,  both  with  a  rolled  finish,  and  seizure  occurred 
in  only  7  and  12  percent,  respectively,  of  the  total 
number  of  slips  under  any  load  intensity. 

Croup  3  of  table  8  indicates  that  the  combinations  of 
unlike  or  of  like  ferrous  materials  are  the  most  unsatis- 
factory of  all  of  those  tested,  as  11  out  of  13,  or  85 
percent,  and  17  out  of  22,  or  77  percent,  respectively, 
of  the  total  number  of  tests  made  of  these  combinations 
fall  within  the  group  of  the  highest  values  of  the 
coefficient  of  friction.  These  two  classes  of  combina- 
tions comprise  28  out  of  37,  or  76  percent,  of  the  tests 
falling  within  this  group.  Seizure  was  noted  in  all  of 
the  tests  made  of  these  two  classes  of  combinations  with 
the  single  exception  of  one  combination  of  unlike 
ferrous  materials. 

It  will  be  noted  by  reference  to  the  general  compila- 
tion of  results  (table  3)  that  the  high  lead  bronzes  in 
combination  with  like  materials,  or  in  combination  with 
phosphor  bronze  or  stainless  steel,  rank  among  the  most 
satisfactory.  The  high  lead  bronze  in  combination 
with  stainless  steel  shows  next  to  the  lowest  coefficient 
of  friction  (0.110)  of  the  111  unlubricated  combinations 
tested.  The  high  lead  bronzes  in  combination  with 
like  materials  or  in  combination  with  phosphor  bronze 
fall  within  the  13  lowest  coefficients  of  friction  of  the  111 
unlubricated  combinations  tested,  with  coefficients 
ranging  from  0.128  to  0.132  as  compared  to  the  mean 
coefficient,  0.137,  of  group  1,  table  3.  This  group  com- 
prises the  37  lowest  coefficients  of  the  111  tests  made  of 
unlubricated  plates. 

EXPOSURE  TO  CALCIl'M  CHLORIDE  HAD  LITTLE  EFFECT  ON  PLATES 

Since  the  tests  in  this  investigation  indicated  that 
combinations  of  ferrous  materials  and  bronzes  produced 
the  lowest  coefficients  of  friction  and  also  indicated  that 
rust  may  result  in  a  substantial  increase  in  the  coefficient 
of  friction,  the  use  of  stainless  steel  suggested  itself 
because  of  its  nonrusting  properties.  However,  doubt 
existed  as  to  the  possible  electrolytic  action  which  might 
result  from  its  use  in  combination  with  bronze  when 
exposed  to  salt  air.  For  the  above  reasons,  a  limited 
series  of  exposure  tests  was  made  in  an  attempt  to 
obtain  indications  of  electroyltic  action,  if  such  existed. 

The  procedure  adopted  was  as  follows:  Eight  samples 
of  cast  bronze,  four  of  grade  A  and  four  of  grade  B, 
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MAPLE 
INSULATING   STRIP- 


032  »4  X4  INCHES 
STAINLESS   STEEL 


J  »  4  >a    INCHES 
BRONZE 


Figure  8.— Assembly   of   Plates   for   Tests   to    Determine 
Electrolytic  Action. 

with  machined  surfaces,  were  used  in  combination  with 
thin  plates  of  stainless  steel  0.032  inch  thick  with  cold- 
rolled  surfaces  as  furnished  by  the  manufacturer. 
These  eight  combinations  of  bronze  and  steel  were 
clamped  together  by  means  of  straps  of  iron  or  soft  steel 
1  inch  wide  bolted  around  the  centers  of  the  4-inch 
square  specimens  used.  In  four  sets  of  specimens  the 
clamps  were  in  direct  contact  with  the  specimens,  thus 
forming  a  direct  metallic  or  uninsulated  bond  between 
the  two  plates.  In  the  other  four  sets  of  specimens  thin 
strips  of  maple  were  placed  between  the  clamps  and 
specimens  as  insulation.  The  methods  of  clamping 
the  specimens  together  and  of  insulating  them  are 
shown  in  figure  8. 

One  insulated  and  one  uninsulated  set  of  specimens 
were  subjected  to  calcium  chloride  vapor  by  suspending 
them  in  the  top  of  a  brine  tank  of  a  cold  storage  plant. 
One  insulated  and  one  uninsulated  set  of  specimens  were 
subjected  to  a  vapor  of  sodium  chloride  by  suspending 
them  over  a  saturated  solution  of  this  salt  through 
which  a  small  amount  of  air  was  continually  passing, 
the  top  of  the  container  being  covered  with  canvas. 

One  set  each  of  insulated  and  uninsulated  specimens 
were  immersed  in  saturated  solutions  both  of  calcium 
chloride  and  of  sodium  chloride.  All  specimens  were 
left  in  place  for  4  months.  They  were  then  removed, 
rinsed  in  hot  water  and  dried  writh  paper  towels.  All 
of  the  specimens  were  measured  with  micrometer 
calipers  before  and  after  exposure. 

The  four  specimens  exposed  to  calcium  chloride  either 
in  vapor  or  immersed  in  the  solution  will  be  considered 
first  (figs.  9  and  10).  In  no  case  was  any  apparent 
effect  of  exposure  present  on  the  contact  faces  of  either 
the  stainless  steel  or  the  bronzes.  The  outer  face  of  the 
stainless  steel  immersed  with  no  insulation  between  the 
specimens  and  the  iron  clamps  showed  a  slight  deposit 
of  copper  except  where  covered  with  the  clamps.  None 
of  the  other  three  stainless  steel  specimens  showed  any 
effect  on  the  outer  faces.  Three  of  the  four  bronze 
specimens  showed  discoloration  of  the  outer  surfaces 
except  where  the  surfaces  were  covered  with  either  the 
clamps  or  the  insulation  strips.  In  no  case  was  there 
any   apparent  breaking  down  of   the  surface  or  any 


measurable  change  in  thickness  of  either  the  bronze  o 
steel  specimens. 

EXPOSURE  TO  SODIUM  CHLORIDE  NOT  DETRIMENTAL  TO  FLAW 

In  the  case  of  the  four  specimens  exposed  to  sodiuj 
chloride  vapor  or  immersed  in  the  solution,  the  follow 
ing  effects  were  noted  (figs.  11  and  12). 

The  two  steel  specimens  that  were  immersed  showe 
no  effect  of  immersion  on  the  contact  faces.  The  cm 
tact  face  of  one  bronze  specimen  showed  no  effect  c 
immersion,  while  the  other  bronze  specimen  showed  oe 
small  discolored  spot  where  the  contact  between  th 
steel  and  bronze  was  poor.  One  of  the  outer  faces! 
the  steel  specimens  showed  no  effect  of  immersion,  whil 
the  other  specimen  was  discolored  in  spots  where  sal 
crystals  had  formed.  The  outer  faces  of  both  brom 
specimens  were  slightly  discolored  by  immersion  excS 
where  the  surface  was  covered  by  the  clamps  or  insulj 
tion  strips. 

The  contact  faces  of  both  the  two  steel  specimen 
and  the  two  bronze  specimens  that  were  exposeej 
vapor  showed  discoloration  in  spots  where  contact™ 
tween  the  steel  and  the  bronze  WTas  poor.  Both  sets! 
specimens  showed  two  bright  spots  on  both  the  sta 
and  the  bronze  where  the  contact  between  the  bear! 
faces  was  good.  The  outer  face  of  one  steel  special 
was  discolored  where  it  was  in  contact  with  the  bfl 
iron  clamps,  while  the  other  was  discolored  in  two  sfl 
adjacent  to  the  clamps.  The  outer  faces  of  both  broil 
specimens  exposed  to  vapor  were  discolored  and  on 
specimen  showed  two  spots  of  corrosion  adjacent  toll 
iron  clamps  with  a  resulting  increase  in  roughness  ofB 
surface. 

No  measurable  change  in  thickness  was  found  in  an 
of  the  specimens  and  in  only  the  one  bronze  specials 
where  corrosion  was  found  was  any  apparent  break-dew 
of  the  surface  noted.  Figures  9  to  12  show  both  conH 
and  outer  faces  after  the  exposure  tests  were  completl 
Differences  in  texture,  color,  and  surface  finish,  withB 
resulting  variations  in  the  reflection  of  light,  prese™ 
a  difficult  problem  to  the  photographer.  As  a  resJ 
these  photographs  may  give  an  exaggerated  idea  offl 
conditions  of  the  various  surfaces.  However,  they  gh 
a  fair  idea  of  the  relative  results  of  the  various  el 
sures. 

Examination  of  these  plates  for  evidences  of  elecB 
bytic  action  revealed  that  only  one  of  the  eight  seta 
specimens  gave  indications  of  such  action.  YVhenbron| 
A,  in  combination  with  stainless  steel,  was  immerse 
in  a  solution  of  calcium  chloride  with  no  insulation! 
tween  the  iron  clamps  and  the  test  specimens  (i.I 
with  a  direct  metallic  connection  between  the  noli! 
materials),  a  deposit  of  copper  was  found  on  the  otffl 
surface  of  the  steel  except  where  it  was  covered  byH 
clamp  (fig.  9,  no.  7).  The  outer  surface  of  the  broil 
also  showed  an  increase  of  copper  on  the  surface 

I  n  none  of  the  eight  sets  of  specimens  were  effect! 
electrolysis  evident  on  the  contact  faces  of  the  spa 
mens  although  in  three  of  the  bronze  specimens  afl 
two  of  the  steel  specimens  these  faces  were  discolofl 
in  spots  where  contact  between  the  two  surfaces  wf 
imperfect.  Due  consideration  should  be  given  to  i 
fact  that  the  stainless  steel  plates  used  in  these  tfl 
were    only    0.032    inch    thick    and    consequently   wet 
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l- STAINLESS  STEEL 


E-BRONZE   D  3- STAINLESS  5TEEL 

PLATES   EXPOSED  TO    CALCIUM   CHLORIDE    VAPOR   FOR   4    MONTHS 


4- BRONZE   D 


6- BRONZE  A  7- STAINLESS  STEEL 

PLATES    IMMERSED    IN    CALCIUM   CHLORIOE   SOLUTION  FOR  4  MONTHS 


8- BRONZE   A 


|b  9. — Appearance  of  Bronze  and  Stainless  Steel  Bearing  Plates  After  Immersion  in  and  Exposure  to  Calcii  m 
hloride.     There  Was  No  Insulation  Between  Clamps  and  Plates.     Nos.  1,  2,  5,    \nd  6  Were  Contact  Faces, 
os.  3,  4,  7,  and  8  Were  Outer   Faces  of  Plates. 


Z- BRONZE  D  3- STAINLESS  STEEL 

PLATES  EXPOSED  TO  CALCIUM    CHLORIDE  VAPOR   FOR  4   MONTHS 


4- BRONZE   D 


6- BRONZE   D  7-5TAINLESS  SI  El 

PLATES    IMMERSED   IN    CALCIUM   CHLORIDE    SOLUTION    FOR 


ilZE  D 


MONTHS 


■  10. — Appearances  of  Bronze  and  Stainless  Steel  Bearing  Plates  After  Immersion  in  vnd  Exposure  to  Calcium 
Cloride.  Strips  of  Wood  Insulated  the  Iron  Clamps  From  the  Plates.  Nos.  1,  2,  5,  and  6  Were  Contact  Faces, 
ad  Nqs.  3,  4,  7,  and  8   Were  Outer  Faces  of   Plates. 
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I- STAINLESS  STEEL  2-BRONZEO  3- STAINLESS  STEEL  4-BR0NZF0 

PLATES   EXPOSED  TO  SODIUM    CHLORIDE  VAPOR   FOR   4  MONTHS 

5-STAiNLESS  STEEL  6-BRONZEA  7- STAINLESS  STEEL  8-BRONZE  A 

PLATES  IMMERSED   IN    SODIUM   CHLORIDE    SOLUTION  FOR  4  MONTHS 


Figure  11. — Appearances  of  Bronze  and  Stainless  Steel  Bearing  Plates  After  Immersion  in  and  Exposure  to  Sodic 
Chloride.  There  Was  No  Insulation  Between  Clamps  and  Plates.  Nos.  1,  2,  5,  and  6  Were  Contact  Faces,  an 
Nos.  3,  4,  7,  and  8  Were  Outer  Faces  of  Plates. 


Z-  BRONZE   A  3-STAINLESS  STEEL 

PLATES  EXPOSED   TO  SODIUM   CHLORIDE  VAPOR   FOR  4  MONTHS 


5-STAINLESS   STEEL 


6-BRONZE  A  7-STAINLESS  STEEL 

PLATES    IMMERSED    IN    SODIUM   CHLORIDE   SOLUTION    FOR  4  MONTHS 


Figure  12. — Appearances  of  Bronze  and  Stainless  Steel  Bearing  Plates  After  Immersion  in  and  Exposure  to  Sod 
Chloride.     Strips  of  Wood  Insulated  the  Iron  Clamps  From  the  Plates.     Nos.  1,  2,  5,  and  6  Were  Contact  F.u  * 
and  Nos.  3,  4,  7,  and  8  Were  Outer  Faces  of  Plates. 
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somewhat  flexible.  Moreover,  they  were  clamped  to 
the  bronze  specimens  by  clamps  only  1  inch  in  width 
passing  over  the  center  of  the  specimens.  As  a  result 
any  slight  unevenness,  caused  by  shearing  of  the  thin- 
steel  plates  or  by  marking  with  an  identification  num- 
ber, caused  faulty  contact  between  the  plates  and  al- 
lowed vapor  or  moisture  to  penetrate  and  settle.  It  is 
believed  that,  where  thicker  plates  arc  used  and  are 
subjected  to  pressures  usually  existing  on  bridge  bear- 
ing plates,  contact  between  the  surfaces  will  be  such 
as  to  prevent  penetration  by  either  moisture  or  vapor. 
Four  of  the  eight  outer  surfaces  of  the  steel  showed  no 
effect,  one  showed  the  copper  deposit  mentioned  above, 
and  three  were  discolored  in  spots  adjacent  to  the 
clamps  undoubtedly  resulting  from  the  breaking  down 
of  the  black  iron  of  the  clamps.  No  evidence  of  any 
break-down  of  the  surface  was  apparent. 

The  outer  surfaces  of  the  bronze  specimens  showed 
the  normal  discoloration  to  be  expected  when  finished 
metal  is  exposed  to  salt  air,  and  in  one  specimen  two 
small  spots  of  corrosion  with  a  slight  increase  in  rough- 
ness were  found  adjacent  to  the  iron  clamps.  The 
iron  clamps  all  showed  pitted  and  rusted  surfaces  as  a 
result  of  exposure. 

These  tests  would  seem  to  indicate  that  for  normal 
exposure  to  salt  air  no  electrolytic  action  or  breaking 
down  of  contact  faces  may  be  expected  when  bronze 
and  stainless  steel  are  used  in  combination  if  the 
contact  between  the  plates  is  good. 

CONCLUSIONS 

1.  The  coefficient  of  friction  for  bearing  plates  re- 
mains constant  under  varying  loads  for  any  combina- 
tion of  materials  tested. 

2.  An  initial  application  of  graphite  grease  or  other 
lubricant  that  will  flow  appears  to  be  of  doubtful  value 
in  permanent]}7  reducing  the  coefficients  of  friction 
when  used  under  conditions  such  as  obtained  in  these 
tests. 


3.  In  general,  for  the  materials  tested  the  relative 
coefficients  of  friction,  in  increasing  order  of  magni- 
tude, are  as  follows: 

a.  Ferrous  materials  in  combination  with  bronzes. 

b.  Hard  bronzes  in  combination  with  softer  bronzes. 

c.  Like  bronzes  in  combination. 

d.  Ferrous  materials  in  combination  with  like  or  unlike  ferrous 
materials. 

e.  Ferrous  materials  in  combination  where  subject  to  rust. 

4.  The  following  are  indicated  as  the  most  satisfac- 
tory finishes  for  various  combinations  of  materials: 

a.  Ferrous  materials  in  combination — a  milled  finish. 

b.  Like  bronzes  in  combination — a  milled  or  medium-planed 
finish. 

c.  Ferrous  materials  and  bronzes  in  combination — a  milled  or 
fine-planed  surface. 

d.  A  cold-rolled  finish  on  bronze  compares  favorably  with 
machined  finishes  provided  the  plates  are  rolled  to  a  surface 
which  will  give  uniform  contact. 

5.  The  directions  of  movement  most  satisfactory 
for  machined  plates  are  with  finishing  cuts  at  right 
angles  (M3)  and  with  direction  of  movement  and 
direction  of  finishing  cuts  parallel  (MO,  with  M3  show- 
ing a  slight  superiority.  With  rolled  or  planished 
finishes,  but  slight  variations  in  friction  are  caused  by 
the  direction  of  movement,  although  less  seizure  is 
noted  when  the  direction  of  movement  and  the  direction 
of  finish  are  parallel. 

6.  Wear  is  probably  a  negligible  factor  when  suitable 
materials  and  finishes  are  used. 

7.  The  limited  exposure  tests  made  do  not  indicate 
that  destructive  corrosive  action  may  be  expected 
from  the  use  of  combinations  of  bronze  and  stainless 
steel  when  exposed  to  salt  air. 

8.  If  proper  care  is  used  in  selecting  materials  and 
finishes,  a  coefficient  of  friction  varying  from  0.10  to 
0.15  may  be  expected,  with  variations  of  5  percent 
above  and  below  mean  values,  for  load  intensities  of 
the  order  of  250  to  1 ,000  pounds  per  square  inch. 
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DISPOSITION  OF  STATE  MOTOR- 


[Compiled  from  reports 


Alabama 

Arizona 

Arkansas 

California -. 

Colorado 

Connecticut--. 

Delaware - 

Florida 

Georgia.. .-- 

Idaho 

Illinois -. 

Indiana -. 

Iowa - 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts .. 

Michigan. ._-.. 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada.         

New  Hampshire... 
NewJersej 

New  .Mexico. 

New  York  •' 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island—  . 
South  ( 'arolina  .. 
South  Dakota.     . . 

Tennessee 

Texas... , 

Utah 

Vermont 

Virginia 

Washington 

West  Virginia 

Wisconsin- 

Wyoming... 

District  of  Colum- 
bia. 

Total 


Net  total 

calendar 

year 


$10,313, 
3,  27s, 
8,261, 

6;009, 

481, 
896, 
771, 
124, 
385, 
262, 
549, 
961, 
835. 
4  lf>, 
572, 
278, 
334, 
790, 
362, 
512, 
845, 
sll 

SI  IS 
962, 
868 
205 
877 
311 

l  17 
323 

169 
S77 
942 
651, 

106 

765 
315, 
966 
i  ;i  ii, 
714 
ills 
340 
568, 

102 
249 
931, 

197, 


019.802,062 


\djustinen1  s 
due  '"  undis- 
t:  ibuted  bal- 
ances, etc.1 


-$3,068 


-15.798 

-2,365.607 

-439 

-159,224 

11  228,563 

-10,813 


-5,325 
28,  714 


5,000 
33,  289 
31,398 

57s.  665 
-1.058 


2,  82 1 
-23.476 
-35,584 
-3,  242 
64,699 
78,  7(14 
-7,028 


4,360 

-1.3S7.  7112 

166,865 

17,533 

-2,611 

-1,354,539 

-324,  7S7 

-99,525 

2«  493.817 

58,  359 

-06.777 

24.  0711 

234,  77s 

-86,806 

-29.341 

219,677 

-147.109 


-1,741 
-825,947 

90.  403 
374.  793 


Net  total 
funds  dis- 
tributed - 


$10,310,044 
3,  278,  598 

8,  240,  109 
37,618,288 

0.11119,  094 
5,512,020 
1.710,382 
17,886,  159 
15,771.723 

3,  IIS,  972 
30,414.090 
19,202.319 
11,554,  118 

8,994,479 
9,867,316 

9,  995,  634 
4,571,769 
S,  27S,  025 

17.330.914 
22,767,085 
11,326,674 
7.599,  128 
9,  910,01111 
::  923.306 
9,801,706 
962,040 
2,  872,  520 
Hi.  SI 7.  400 
2.877,605 
50.  47S,  1111 
19.  104.  54S 
2,320,  776 
37,814.612 
11,552,304 
7,843,328 
11,  145,648 
2.  104,503 
S.  698,  972 

4.  339.  498 
15,200,794 
33,519,279 

2,  0S5.000 
2.  268,  322 
13.193,336 
12,508,379 
0.  101,  200 
15,423,800 
2,022.315 
2,572.1192 


-4,221.087 


Expenses 
of  collec- 
tion and 

lillllllll 

tration 


$29. 29S 
39,  940 

304,  157 

132,  0S7 
98  134 
41.000 
0.070 
20,427 

472,  181 
111.292 

142.  507 
si.  1157 
92,  lis 

295,766 
48,507 
62,000 
14,872 
51,331 

511.900 
120.945 

26,  S5S 

19,571 

18.631 

95,51  1 

I    959 

I    150 

84  959 

62  325 

92  714 

6,  199 

25,000 

Is;;,  in; 

237.  543 

26,  129 

209, 077 

10,973 

■"'  38,500 

14,  no 

150,594 

335.  345 

8,000 

2.  200 

104.  160 

22,  684 

23,  468 
52.  421 
11,051 

(30) 


615,580,975      1,275,369 


For 
other 
admin- 
istra- 
tive 
pur- 
poses : 


$43.  691 


17S,  002 
67,056 


86,500 


70.  000 
105,585 


24,995 


-'"9.5011 


28,  885 
~178,~540' 


860.  872 


For  State  highway  purposes 


tion,  main- 
tenance, 

and 

adminis- 
tration » 


1,981,576 

1.400,390 
24.  793,  382 
1.  215.  132 
5,471,620 
1,049,  105 
7.581,351 
7.  190,  509 
2.9111,555 
9,  500,  502 
9,391.090 
3,060,253 
5,  356,  573 
9,794,488 


2.011,947 

2,  970,,  166 
3,764,015 

12,465,565 
7.  267.  351 
1,268,447 

5,  170,283 

3,  1011.035 
5,370,609 

928,  972 
1.970.753 
175,  704 
1,3111.584 
5,024,734 
5,700,418 
1,523.041 

15,654,932 
4,911,832 
3,649,210 

22,723,714 

1,  544.  353 
3.522.020 
1,877.967 

2.  in;-;,  571 
16,603,812 

2.577,  183 
1,218,366 

4,036.904 

1,003,  05S 

6,  2S0,  279 
1,209,  57S 


258,036,693 


State 
high  waj 

police 


$39,  300 
82, 938 


73, 128 


96,  621 

58,  957 


66,618 
24.  321 


148   lis 
200,792 


127,  937 
26.  349 
139,  1S9 


16.  846 


483,  436 
179.618 

6,  959 
354,  386 


198, 473 
793.531 


99,817 

34,  560 


32.  479 


3.2S  1.71 13 


Sen  be  of  State  highway  obligations 


Slate 

highway 

b  im 


$1,355,  49S 
~2,~748~773 


52,  748 
"207,125" 


8,  064,  450 
1,253,086 
1,380,548 

441.930 
4,  082, 060 


4,  145,  372 
sin,  640 


726,  895 
7,  597,  651 
1,513,696 
3,  675,  900 
6,  602,  269 


2,  805.  233 
3,322,949 

301,876 
1,117,962 


50,350 


447,445 

470.  210 

3<  97.  930 

4,233,429 


112,000 


57,018,031 


State- 
assumed 

local 
obliga- 
tions ' 


$3,  059,  506 


277,  209 
2.  552,  247 


3,  309,  747 

093.  200 


399,  190, 


2.524.  151 


2,  133,  S33 
S,  2911.  1 10 1 


2,  277,  229 


25,  530, 


Notes 
and 
other 

short- 
term 
loans 


$70,  396 


15.445 


544 


4.095.377 


-1.  IS  1.702 


fotal 


$1,355,498 


5,  s7s.  075 


330,017 
2,  552,  247 


207. 125 


3,  309,  747 
693,  266 


8, 064,  450 
1,253,086 
1,380,548 
457,  375 
4,  082,  060 


4.  145,372 
804,  640 


14,  272 
726, 895 
7,  597,  651 
1,513,696 
3.  675,  900 
7.001,465 


2, 805,  233 

3,  322,  949 

301,876 

3,  642,  657 


6.  279,  566 
8,290,061 


447,445 
476, 210 
97,  930 
4,  233,  429 
2,  277,  229 
112,000 


87,  330,  570 


Total  for 

SI  ite 
highway 
purposes 


$5,129,869 
2,004,514 
7.279.005 

24,  793.  382 
4.  316.  260 
5,471,620 
1,475,743 

10,192,555 

7,  496,  569 
3, 108,  680 
9,  566,  502 
9,391,090 
0,370.0110 
6,116,457 
9,818,809 

8,  Q64, 450 
4,  C13,  481 
4,356,714 
4,422,  1S2 

16,  547,  625 

7,  395,  288 

4,  294,  796 

9,  754,  844 

3,  904,  675 

5,  370,  609 
960,  090 

2,  697,  648 
8, 073,  415 
2,  815,  280 
9, 184, 070 

12,941,501 
1,530,000 

16.009,318 
4,911,832 

6,  652,  916 
26,  840,  194 

1.846,229 
7,164,683 
1.877,967 
8,383,137 
24, 893. 873 
2,  077,  000 
1,700,371 
6.  827,  777 

4,  134,  834 

5,  836, 4S7 

8,  563,  508 
1,414,057 


348,651,966 


1  Amounts  distributed  during  the  calendar  year  differ  in  many  cases  from  actual  collections  because  of  undistributed  balances  and  lag  between  accounts  of  collecting 
and  expending  agencies.  Adjustments  also  include  deduction  of  receipts  not  classed  as  highway-user  imposts  as  follows:  Proceeds  of  tax  on  gasoline  used  in  aviation  in 
Idaho.  Maine,  Michigan,  Nebraska,  Oregon,  and  Wyoming,  and  proceeds  of  tax  on  nonmotor-vehicle  fuel  in  Ohio. 

2  In  many  States  the  proceeds  of  motor-fuel  taxes,  motor-vehicle  fees,  and  motor-carrier  taxes  are  placed  in  a  common  fund  from  which  the  distribution  is  made.  In 
these  cases  the  amounts  distributed  have  been  prorated  in  proportion  to  the.  receipts,  not  otherwise  dedicated,  from  these  three  sources  of  revenue.    See  following  tables. 

3  Where  reported  separately  from  collection  expenses,  funds  allotted  for  motor-fuel  inspection,  administration  of  motor-vehicle  department,  and  regulation  ofmotor 
vehicles  are  shown  in  this  column. 

'  Includes  funds  allotted  for  expenditure  on  urban  extensions  of  State  highway  system,  where  reported  separately  from  other  funds  distributed  for  local  roads  and  streets. 
1  'ounty  or  local  obligations  assumed  by  State  as  reimbursement  for  local  roads  added  to  State  system. 

In  States  indicated  by  star  (*)  law  provides  that  allotments  for  work  on  local  roads  or  streets  may  also  be  used  for  service  of  local  highway  obligations,  but  amounts 
so  used  not  reported  separately. 

In  a  number  of  States  allotments  for  local  road  work  may  be  used  on  city  streets.    This  column  shows  allotments  which  were  reported  separately.    See  note  4, 
'  To  State  general  funds  unless  otherwise  noted.    Allocations  to  county  or  municipal  general  funds  may  have  been  used  in  part  for  highways,  but  such  amounts  not 
reported. 

or  engineering  expenses  in  connection  with  irrigation. 

'ids  allotted  to  counties  for  use  on  both  State  and  local  roads. 

lare  of  State  highway  sinking  fund  transferred  to  general  fund  as  a  result  of  refunding  operation  which  replaced  sinking  fund  bonds  with  serialbonds. 
I  0  Division  of  Airways,  $15,616;  Dade  Memorial  Park.  $818. 

For  Confederate  pensions  and  past-due  teachers'  salaries,  $1,785,840;  prison  camps,  $2,968. 
'  To  ports  nf  Xew  Orleans  and  Lake  Charles  Harbor  for  harbor  improvement. 
To  1  Conservation  Department  for  oyster  propagation,  $75,000;  Chesapeake  Baj  ferry  companies.  $4S.727. 
■  Pro  rata  share  (approximate)  of  debt  service  on  nonhighway  portion  of  emergency  public  works  loan. 
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FUEL  TAX  RECEIPTS,  1935 

•di  State  authorities] 


For  local  roads  and  streets  ° 

For  other 
highway 
purposes 

(park  and 
forest 
roads, 

etc.) 

For  nonhighway  purposes 

For  work  on 
county  and 
i  oads 

For  work 

on  city 
streets  : 

Service  of 

local 
highway 
obliga- 
tions 

Total 

neral 

fur.  ! 

For  relief 
of  unem- 
ployment 
.■I  desti- 
tution 

For 
education 

For  other 
put; 

Total 

$5.  107,  186 

512,73) 
•12,510,058 

i°  1,  594,  700 

$5. 107,  186 
983,  365 
594,469 

12,692,219 

1.  594,  700 

$186,667 

'  $4, 106 

$190.  773 

- 

$182, 161 

1  'oloi 

228,563 

2.:.. 
860,675 

228,  563 

2,  568,  682 

•  .,960 

5, 104.  495 

5,101.  195 
7,013 

!■■  16    134 
:    1,789,808 

Flond:. 

.7,013 

$2,  615,  477 

Georgia. 

6    169,243 
7,512,872 
5,092,000 
2,  495,  756 

*6,59l 

1,878,218 

13,  100.  l!7.r, 
9,391,090 
,-,,  092,  uoo 
2.  195,  756 

144.  269 
331,426 

3.  512,  788 

3.  703,  97.3 

7,301,010 
331.420 

Indiana. 

'.'.  t    192 

1,869,  lsl 

543.416 

779,  019 

2,  372,  739 

6,094,  185 

•3,697,644 

•3,117,474 

543. 416 
3.  733,  293 
2.  372,  73'.) 
6,094,185 

697,644 
3,117,474 

Maine. 

2,312,168 

642, 106 

12,960 
9,500,000 

i:v.  ;.■:■ 

9,953.789 

1,330 

07,  040 

Maryland. 

$538,201 

153,  789 

Minnesota. 

Montana. 

"J.  901,185 

321,  180 

1,113,218 

1,113 

Nebraska. 

Nevada. 

'■  170       - 
192,  763 

170,728 
2,958,441 

New  Hampshire. 

2,  765,  678 

3,964,  062 

1,335 

19  404,023 

5,  700,  585 

New  .0 

New  Mexico. 

3,090,771 

«  1,  712,  527 

765,000 

7,  205,  400 

*2,90S    183 

•1,14 3 

•8,345,374 

-  090,  771 
4,  7 1 2,  527 
765,000 
12,  131,  845 
2,908,983 
1.  1  14,003 
8,924,735 

-  39,  111),  77,;, 

1,  470,  326 

770 

39,110  7.7.7, 

1,470.  -120 

770 

9,487,003 

3,494,006 

New  York.2" 

North  Carolina. 

North  Dakota. 

1,929,445 

9,  1S7.003 

Ohio. 

.;  228 

...  77- 

Oklaho 

20,280 

46.  567 

Oieioin. 

579,  361 

5,086,269 

301,361 

S8    >oi 

5,124,  177. 
301,361 
133,  007, 
2.  350,  (i01 
2,  431.  os7, 
8,290,061 

Pennsylvania. 

Rhode  Island. 

•1,352,684 

1,352,681 

■  S.  605 
111,  125 

South  Carolina. 

,. 

142,  170 

7' 1.20! 

.South  Dakota 

4,  232.  978 

1.  232,  978 

104,  821 

8,290,061 

Tennessee. 

Texas. 

Utah. 

565,751 

>'  6,  1 70,  790 

•6,511,080 

241,  245 

3,389,383 

597.207 

565,751 

6,  170,790 

7.  585,  .".7 1 
211,215 

3,878,819 
7/17.207 
2,7. 

Vermont. 

33  1.721 

82c   287 

Virginia. 

994    .  0 

3<  79,  574 

•  825  287 

Washington 

West  Virginia. 

189,  136 

109,614 

'  2.  i.lo,  sos 

Wisconsin. 

Wyoming. 

72, 002 

District  of  Columbia. 

123,420,040 

20,  855, 123 

6.  271,  404 

150,546,567 

775, 185 

57,184,330 

15,548,262 

26, 363,  586 

11,374,838 

110,471,016 

Total." 

i'  Pro-rata  share  service  of  highway  relief  bonds,  a  state  obligation  incurred  for  improvement  of  local  roads. 

i*  Includes  $767,  240,  pro-rata  share  of  temporary  loan  to  general  fund  for  relief. 

15  For  service  of  institutional  construction  bonds.  $434,468;  Department  of  Commerce  and  Navigation,  $90,000:  less  credit,  for  excess  allocations  in  1934,  (-')  $120.  445. 

20  Appropriations  out  of  general  fund  for  highway  purposes  ha\  e  been  credited  against  payments  of  motor-fuel  tax  and  motor-vehicle  fees  to  the  State  general  fund  and 
prorated  in  proportion  to  net  receipts  not  otherwise  dedicated. 

21  To  State  general  fund  after  crediting  appropriations  for  highway  purposes,  $37,614,987;  New  York  City  general  fund.  $1, 195,568, 

22  For  county  roads  under  State  control. 

23  In  cities  situated  on  State  highways  one-sixth  municipal  allotment  to  be  used  on  urban  extensions  of  State  system. 
2<  For  service  of  general  State  debt. 

25  Differs  from  total  in  a  previous  table  issued  by  the  Bureau— State  motor-fuel  tax  receipts,  1935— by  amount  of  refunds.  $57,009,  reported  subsequent  to  issuance  of 
previous  table. 

26  In  computing  adjustment,  amounts  loaned  to  general  fund  for  relief  purposes  in  1934  and  1935  (pro-rata  share,  $3,622,384)  have  been  included  in  the  undistributed 
balances. 

2:  For  aircraft  landing  fields,  $25,824:  cooperative  work  other  departments,  $12,382. 

2"  Differs  from  total  in  a  previous  table  issued  by  the  Bureau— State  motor-fuel  tax  receipts,  1935— by  amount  of  inspection  fees,  $181,605,  reported  subsequent  to  issu- 
ance of  previous  table. 

29  Amount  shown  as  payment  to  general  fund  represents  proceeds  of  inspection  fees  paid  to  general  revenue,  $181,605,  less  estimated  cost  of  tax  collection  and  inspection, 
as  given  above. 

"'  For  payments  on  real-estate  bonds. 

31  Service  of  general  fund  bonds,  $2,116,489;  Great  Smoky  Mountain  Park  bonds,  $211,649;  aviation  projects,  $1,126. 

32  For  county  roads  under  State  control  in  all  but  3  counties,  $5,944,322;  transferred  to  remaining  3  counties,  $226,408. 

33  For  aviation  purposes. 

31  Debt  service  charges  on  $10,000,000  emergency  relief  bond  issue  prorated  in  proportion  to  allotments  for  State  highways,  local  roads,  and  nonhighway  purpo 
33  Includes  $500,000  to  State  general  fund  and  $2,140,898  to  towns,  cities,  and  villages  in  lieu  of  personal  property  tax  formerly  imposed  on  motor  vehicles. 

36  Paid  out  of  general  revenue.    Amount  not  reported. 

37  See  notes  25  and  28. 
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Arizona.. 

Arkansas. 

( ialifornia 

ido.  -  .- 

Connecticut 

Delaware 

Florida 

Georgia.. 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine ... 

Maryland.. _. 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire... 

New  Jersey 

New  Mexico 

New  York  -"'_ 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee 

Texas _ 

Utah 

Vermont 

Virginia... 

Washington 

West  Virginia 

Wisconsin 

Wyoming 

District  of  Colum- 
bia  


Total 31S,  747,  713 


Nel  total 
receipts  of 

year  ' 


$3,  574, 
848, 


562, 
206, 
108, 
072, 
954, 
248, 

SMI, 

437, 
154, 
314, 
195, 
491, 
503, 
236, 
153, 
.:<>:,. 
601, 
215, 
740, 
311, 
381, 
999 
263 
691 
623, 
117. 
956, 
636, 
!2 
15 
sill. 

18 
758 

! , 

791, 
371, 
132, 
745, 
070, 
377, 
150, 
195, 
320 
897, 
482, 


910,  226 


Adjustments 
due  to  undis- 
tributed bal 

,  etc.1 


-$1,096 
-15,266 


-613,724 
14332,666 


-84,  256 

318 

-53,893 

-313,374 

-16,027 

-13,823 

-11,661 

-1,366 

-259, 198 


133,288 

250,  274 

459 


-37,  729 

8,154 

-17,496 

-4, 150 

-4,616,491 

-13,934 

-280, 9S3 

632, 900 

-156,431 

127,  S25 

—13,073 

7,  345 

-1,782,890 

-1,494 

-12,381 

3,991 

-33,989 

-485 

-233,  382 

1,208,0X1 

9,741 


-326,651 
-9,414 


-6,239,672 


Net  total 
funds  dis- 
tributed 3 


$3,  573,  055 

832, 880 

2,  529,  191 

9,948,778 

2,  206.  930 
6,  108,  224 
1,404,685 
4, 954,  774 

1,  248,  278 
1,795,829 

20,  438,  055 
8, 100,  400 
10,  000,  672 

3,  479,  549 
3,  477,  590 
3,  551,  719 
3,  234,  712 
4, 194,  242 

6.  305,  397 
17,734,396 

7,  465,  677 
1,741,315 
8,311,786 
1.343,839 

2,  007,  559 
246,  015 

1,  087,  352 
12,007,272 

1, 103,  645 
43,  675,  524 

7,  269,  648 

1,  266,  264 

3,  818,  293 

2,  755,  594 
26,  976,  043 

2,  898,  908 
1,778,669 
1,375,017 

3,  398,  328 
15,745,412 

837,  265 

2,  585,  325 
5,  160.  496 

3,  495,  253 

4,  820,  637 
10,570,381 

473,  479 

910, 226 


312,508,041 


Expenses 
of  collec- 
tion and 
adminis- 
tration « 


$349,048 
149,466 

75,484 

2,  028,  889 

311,620 

853,  699 

46,  654 
375,  204 
165,  024 

57,  685 

941,341 

839,  447 

752,  862 

255,  706 

385,  599 

145,657 

104, 556 

2 16,  726 

1,  453,  460 

1,  177.  S33 

,  417,663 

89,  309 
185,  115 

90, 907 

77.  421 

22,  163 
102,  943 

1,  109,  227 
127,  564 

2,  345,  572 
322,  043 

83,905 
1,321,331 
287,  156 
318,290 
1,391,596 
259,  468 
171,748 

71,618 
214,  089 
895,  557 

99,  765 

14,  191 
312,404 
341,  161 

48,  459 

661,541 

9,470 

99, 172 


22,  537,  468 


For 
other 
admin- 
istra- 
tive 
pur- 
poses • 


$36, 067 


174,211 
45, 577 


304, 279 


32,  099 


12,836 
38,  403 
35,  000 


361,  246 


98,071 
"~24,~674 

~  256,"  01 6" 


35,  000 


63, 493 


1,516,972 


For  State  highway  purposes 


Construc- 
tion, main- 
tenance, 

and 
adminis- 
tration 6 


$2,064,145 

654, 658 
455,  460 

2,931,082 
72,  245 

2,  754.  9S7 
728,  974 


754,  723 
168,  325 
7,  508,  748 
3, 182,  090 
4,442,800 
1.994,335 
2,  528.  753 
2,  762,  7S5 
1,786,802 
1,513,461 
2, 328, 397 


2,  469,  424 

181,307 

4,  388,  842 


575,  191 

153,  548 

1,327,734 

2,848,883 

439,  237 

6,919,284 

2,  177,914 

210,343 

4,815,160 

1,284,205 

1,  137,778 

21,137,536 

2,269.111 

736,  191 

264,  765 

2.751,490 

4,  732,  671 


.  ;.,.,  mm 
4,  479,  035 
2.  635,  070 
1,  125,795 
4,  199,  529 
287,  351 


113,582,228 


State 

highway 

police 


$133, 664 

27, 400 

86,  280 

2,  068,  763 


325,  000 
67,  138 


53  065 

893, 175 
385,  227 


25, 159 

15,  132 

342,  477 

101,552 

260,  699 

124,  208 

250,  000 

43,  472 

1,157 

111,(172 

72,  540 

12,  500 

2,742 

136,  700 


665,  714 
67,  910 
20,  000 

109,  002 


61,  881 

:.is  i  in 


14'.*.  :'i..i 


190,  922 
308, 041 


38,  749 

I'll,  'Kill 

507,  Otis 
29,  277 


10,  658 


8, 631, 339 


Service  of  State  highway  obligations 


State 

highway 

bonds 


$373, 015 


st*  1.1105 


9,081,120 


3(111.  SIHJ 

857.  221 

1, 140,  598 

273,  375 


2,  122,  000 
T§25,~857 


07,  562 
4,953 


5,061.880 
2,  496,  203 


874,  636 
3,  090,  998 


221,424 
"66,"  476' 


737,  500 
501,686 
173,  469 


2,  973,  051 
"  "lB6,600 


34,  840,  481 


State- 
assumed 

local 
obliga- 
tions ' 


$995,  067 


1'i'J,  ii'.l 


376,  789 


I,  MI5.  (110 
261,  815 


1,  962,  820 


150,929 


499, 933 


1.53S.  102 


10,  783,  516 


Notes 
and 
other 
short- 
term 
loans 


-_'-'     Ml.-, 


9,555 


108 


35,488 


Total 


$373, 015 


1,911,967 


229,313 


9,  457,  909 


4,  805.  010 
261,  815 


300,  800 

857.  221 

1.  140,598 

2S2,t«0 


4, 084,  820 
3,"325"857 


67,  562 
4,953 


5.  061,  880 
2,  647,  132 


874, 636 
3,  090,  998 


721,  465 


101.901 


737,  500 
501,  686 
173,469 


68, 046 


2.  973,  051 

1,538,492 

106,000 


45, 692,  043 


Total  for 

State 
highway 

purposes 


$2,  570,  824 
682, 058 

2,  453.  707 
4,  999,  845 

72.245 

3,  079,  987 
1,  025,  425 


754,  723 

221,  390 
17,  s.-.'.i.  s:;j 
3,567,317 
9.  247,  810 
2,  281,  309 
2,  543,  885 
3,406,062 
2,  745,  575 
2  9 1 1.  758 
2,  735,  535 

250,  000 
6,  597,  716 

182,  464 

7, 826,  371 

72,  540 

587,  691 

223, 852 
1,469,387 
2,  848, 883 

439, 237 
12, 646, 878 
4,  892,  956 

236,  343 

4,  924.  162 

1,  284,  205 

2,  074,  295 
24,  966,  674 

2.269,111 

1.606,921 

264,  705 

3,  044,  370 

5,  040,  712 
737,  500 

1, 906,  499 

4,  847,  464 
3, 142,  168 
4, 128.  123 

5,  738,  021 
404,  009 


167,905  610 


1  Amounts  for  many  States  differ  from  totals  in  a  previous  table  issued  by  the  Bureau— State  motor-vehicle  receipts,  1935 — which  gives  receipts  of  the  1935  registration 
period. 

*  Amounts  distributed  during  the  calendar  year  differ  in  many  cases  from  actual  collections  because  of  undistributed  balances  and  lag  between  accounts  of  collecting  and 
expending  agencies. 

3  In  many  States  the  proceeds  of  motor-fuel  taxes,  motor-vehicle  fees,  and  motor-carrier  taxes  are  placed  in  a  common  fund  from  which  the  distribution  is  made.  In  these 
cases  the  amounts  distributed  have  been  prorated  in  proportion  to  the  receipts,  not  otherwise  dedicated,  from  these  three  sources  of  revenue.  See  tables  that  precede  and 
follow  this  table. 

*  Collection  expenses  in  many  States  include  service  charges  deducted  by  county  and  local  collectors. 

■'■  Where  reported  separately  from  collection  expenses,  funds  allotted  for  collection  of  motor-fuel  tax,  payments  to  auto  theft  fund,  and  miscellaneous  expenses  of  motor- 
vehicle  regulation  are  shown  in  this  column. 

>'  Includes  funds  allotted  for  expenditure  on  urban  extensions  of  State  highway  system,  where  reported  separately  from  other  funds  distributed  for  local  roads  and  streets. 

"  County  or  local  obligations  assumed  by  State  as  reimbursement  for  local  roads  added  to  State  system. 

8  In  States  indicated  by  star  (*)  law  provides  that  allotments  for  work  on  local  roads  or  streets  may  also  be  used  for  service  of  local  highway  obligations,  but  amounts 
so  used  not  reported  separately. 

*  In  a  number  of  States  allotments  for  local  road  work  may  be  used  on  city  streets.   This  column  shows  allotments  which  were  reported  separately.  See  note  6. 

10  To  State  general  funds  unless  otherwise  noted.  Allocations  to  county  or  municipal  general  funds  may  have  been  used  in  part  for  highways,  but  such  amounts  not 
reported. 

ii  To  county  and  municipal  general  funds. 

,!  For  engineering  expenses  in  connection  with  irrigation. 

13  Funds  allotted  to  counties  for  use  on  both  State  and  local  roads. 

"  Pro-rata  share  of  State  highway  sinking  fund  transferred  to  general  fund  as  a  result  of  refunding  operation  which  replaced  sinking  fund  bonds  with  serial  bonds. 

15  For  Confederate  pensions  and  past-due  teachers'  salaries,  $190,755;  prison  camps,  $317. 
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,ate  authorities] 


For  local  roads  and  streets  8 

For  ol  her 

highway 

purposes 

(park  and 

forest 

i  oad  s, 

etc.j 

i'la  nonhighway  purposes 

r  work  on 
jnty  and 
;al  roads * 

For  work 
on  city 
streets  • 

Service  of 
local 

highway 
obliga- 
tions 

Total 

To  general 
funds  io 

For  relief 
of  unem- 
ployment 
or  1 1 
tution 

For 
education 

For  other 
purposes 

Total 

State 

ii  $653, 183 

$653, 183 
1,356 

Alabama. 

Arizona. 

Arkansas. 

'2  $1,356 

2, 920, 044 
«  802,  721 
2, 174, 538 

$2, 920, 044 

802,  721 

2, 174,  538 

730,  476 

$253,  801 

984,  277 

Colorado. 

Connecticut. 

Delaware. 

»  332,  606 

332, 606 

4, 405, 359 

282,  954 

$4, 405, 359 

91, 882 

15  191, 072 

Geor. 
Idaho. 

1,  516,  754 
1, 187,  635 
1,  272,  836 

1,516,754 
1,187,635 
1,591,045 

144,968 
2,  102,  591 

144, 968 
2, 102,  591 

$318,  209 

Indiana. 
Iowa. 

942,  534 
516, 007 

942,  534 
516,  007 

Louisiana. 

371,  745 

371,  745 

637, 894 

1,467,761 

16, 959,  812 

637, 894 

326.461 
"280,711 

326,461 
280,711 
346.  751 
89, 052 

Maryland. 

1,  467,  761 
5,  959, 812 

$332, 930 

346.  751 
89, 052 

Michigan. 

1,  469,  542 

1,  469,  542 

Mississippi. 

1,151,818 
1, 342,  447 

28,514 

1, 180, 332 
1,342,447 

"$115,022 
1, 154,  266 

115,022 
8,049,162 

146,412 

9, 168,  706 

1,  781,  725 

16,  342 

15, 178,  280 

1, 990, 916 

356, 686 

538, 919 

fi,  Mil,  VII, 

146,412 
9, 168,  706 
1,781,725 
16,  342 
5, 178, 280 
1, 990,  916 
•356, 686 

»  390, 432 

21  19,  416,  297 

272,  924 

390,  432 
19,  416,  297 
272,  924 
905, 000 
239,  630 

New  York.2"* 

23  905, 000 
26  239,  630 

(25) 

Ohio. 

6,323 
43,316 

538, 919 

28  35, 538 

35, 538 
370, 389 

370, 389 

1, 030, 101 

1, 030, 101 

8,533 

SouthJDakota. 

138,  376 

2»  1, 487 

139,  863 

9, 809, 143 

9, 809, 143 

Texas. 

Utah. 

634, 335 

634, 335 

Vermont. 

» 

23  628 

628 

11,924 
»  641,  663 
2, 277,  770 

11,924'' 

641,  663 

2, 606, 685 

Washingon. 

30  2,  392 
31  1, 438,  748 

2,392 
1, 438, 748 

West  Virginia. 

328, 915 

90, 386 

Wisconsin. 

32  747,  561 

747,  561 

District  of  Columbia. 

3, 035, 093 



1, 852,  451 

1, 269,  288 

86, 156,  832 

481,  488 

26,  759, 863 

1, 369,  738 

4, 405, 359 

1,374,711 

33, 909, 671 

Total. 

9  Pro-rata  share  (approximate)  of  debt  service  on  nonhighway  portion  of  Emergency  Public  Works  loan. 

7  Pro-rata  share  service  of  highway  relief  bonds,  a  State  obligation  incurred  for  improvement  of  local  roads. 

!B  Includes  $4,594,247,  pro-rata  share  of  temporary  loan  to  general  fund  for  relief. 

9  To  State  general  fund,  $146,412;  to  county  general  funds,  $244,020. 

0  Appropriations  out  of  general  fund  for  highway  purposes  have  been  credited  against  payments  of  motor-fuel  tax  and  motor-vehicle  fees'to'the'State  general  fund  and 
uted  in  proportion  to  net  receipts  not  otherwise  dedicated. 

»  To  State  general  fund  after  crediting  appropriations  for  highway  purposes,  $15,213,905;  New  York  City  general  fund,  $4,202,392. 

;2  For  county  roads  under  State  control. 

3  To  real  estate  bond  and  interest  fund,  $900,000;  Bureau  of  Criminal  Identification,  $5,000. 

;'  General  law  provides  that  this  allotment  shall  be  used  for  highway  purposes.  It  is  provided,  however,  that  during  1933, 193 1,  and  1935  amounts  shall  be  paid  to  counties 
itownships  for  other  than  highway  purposes,  equal  to  amounts  which  would  have  been  produced  by  the  1930  levies  on  personal  property  for  other  than  highway  pur- 
>S.    Amounts  so  diverted  not  reported. 

»  Allotments  to  municipalities  not  reported  separately  for  1935. 

t  For  hospitalization  of  indigent  persons  injured  in  motor-vehicle  accidents. 

i  In  computing  adjustment,  amounts  loaned  to  general  fund  for  relief  purposes  in  1934  and  1935  (pro-rata  share,  $3,717,186)  have  been  included  in  the  undistributed 
i  aces. 

«  For  aircraft  landing  fields,  $24,021;  cooperative  work  other  departments,  $11,517. 

■9  For  aviation  purposes. 

0  To  cities. 

i  To  towns,  cities,  and  villages  in  lieu  of  personal  property  tax  formerly  imposed  on  motor  vehicles. 

1  To  District  of  Columbia  general  fund. 
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Net  total 
receipts  of 
calendar 

year 

Adjustments 
due  to  un- 
distributed 
balances, 
etc.' 

Net  total 
funds  dis- 
tributed - 

Expenses 
of  col- 
lection 
and 

adminis- 
tration 

For  State  highway  purposes 

Construc- 
tion, 
mainte- 
nance, and 
adminis- 
tration 3 

State 

highway 

police 

Service  of  State  highway  obligations 

State 

State 

highway 

bonds 

State 
assumed 
local 
obliga- 
tions ' 

Notes  and 
other 
short- 
term 
loans 

Total 

Total  for 

State  1 

bighwaj 

purposes 

$109,  592 

122.394 

2,  038 

2,014,661 

294.  473 

167,  971 

221,216 
298,705 

77,  231 
(13) 

513,783 
431,419 
867,  992 
269,  984 
1,142 

20,  288 
(») 

64,815 
387, 171 

18.798 
100,  250 
447,  609 

22,  164 

on 

192,310 

2,821 

84,253 

87, 001 

132.  6S7 
52.  373 
727.  874 
790,  776 
752,177 

14.976 
ST.  882 
312,435 

64.  586 
267,  412 
("1 

138,460 
186, 126 

59,  632 

1,  429,  481 

138.268 

166, 982 

-$14,335 
-3,  240 

$95,  257 
119, 148 
2,038 
2,676,586 
260, 531 
151,915 

$23,  142 
10, 653 

$54,  749 
103.  930 
392 
276,  818 
141,314 
48,  540 

-"1,749 
li  is.  280 
2,038 
736, 818' 
141,314 
48, 540. 

$4, 350 

$769 
460, 000 

$857 

$20 

$1,  646 
460, 000 

661,  925 
-33,942 
-16,059 

380, 038 
40, 432 

221,216 

201,011 
48,  386 

47,  227 
133,  475 
20, 480 

-37,  694 
-28, 845 

93,  996 

93, 998 
27,90$ 

27,  906 

-267,  921 

-9,  449 

1.  730 

-80,  050 

245,  862 
421,  970 
869,  722 
189,  934 
1,142 
20, 288 

69, 774 
112,936 
227, 583 

74, 985 
1,142 

20, 288 

176,  088 

170.088 

346, 647 
114,664 

88, 863 
285 

44,  919 

44,919 

480,426 

1 14, 948 

64,815 
88,  232 
19,  028 
95,  304 
487,691 
18,  469 

37, 127 
87,  152 
19,  028 
1,300 
64, 893 
18, 469 

-298.939 

230 

-4,946 

40, 082 

-3,  695 

217, 353 

5,530 

164,  710 

164,710 

-7,593 

192,310 

2,821 
55,  961 
83,  604 

8.  553 
2,821 

180, 532 

3.225 

;;; 

is  -28,  292 
-3,397 

18, 564 

59,  470 

i  v  564 
72,204 

11, 400 

12,  734 

132,  687 

23,  437 

727,  874 

777,  427 

784,  662 

7.  205 

14.976 

84,383 

378.  S48 

286. 145 

63,  886 

268,  820 

41,  595 

1,297 

47,  673 

2,882 

50,  555 

93, 117 

North  Dakota 

-28,936 

23,  437 
155,  240 

37,  126 
100, 380 

Ohio 

439,881 

740,  301 

316,  787 

5,119 

9,958 

■ 

740, 301 

583, 213 

0, 043 

Oklahoma  ... 

-19,349 
32, 485 
n-430 

'.'J  902 
178 

243,  522 
746 

243,  522 
746 

Pennsylvania 

Rhode  Island 

14,976 
16.  347 
28.  200 
62,341 
54,  404 
31,439 

South  Carolina 

-3, 499 

60.413 

20,  608 

-700 

1,408 

60,761 
339,  701 
135,  269 
9.482 
228,  530 

1 1,  761 
339,  701 
1  In,  282 

9, 482 
237,381 

South  Dakota 

Tennessee 

3,268 

1,745 

5,013 

Texas 

Utah 

8,851 

Vermont 

Virginia 

138, 460 
186, 126 
59,  632 
1,414,035 
138,268 
166, 982 

19.914 
186, 126 

92,  049 

92. 049 

AVashington 

West  Virginia 

15, 729 

41,536 

41,536 

57, 266 

Wisconsin 

-15,446 

404.  364 
23, 271 

Wyoming 

112, 356 

2,641 

114,997 

Total 

12.421,383 

-74,  289 

12, 347, 094 

2,  570, 463 

4,370,617 

188, 720 

962,  224 

48,  658 

1,765 

1, 012, 647 

5,571,984 

1  Amounts  distributed  during  the  calendar  year  differ  in  many  cases  from  actual  collections  because  of  undistributed  balances  and  lag  between  accounts  of  collecting 
and  expending  agencies. 

2  In  many  States  the  proceeds  of  motor-fuel  taxes,  motor-vehicle  fees,  and  motor-carrier  taxes  are  placed  in  a  common  fund  from  which  the  distribution  is  made.  Id 
these  cases  the  amounts  distributed  have  been  prorated  in  proportion  to  the  receipts,  not  otherwise  dedicated,  from  these  3  sources  of  revenue.    See  preceding  tables.    J 

3  Includes  funds  allotted  for  expenditure  on  urban  extensions  of  State-highway  system,  where  reported  separately  from  other  funds  distributed  for  local  roads  and  streets. 

4  County  or  local  obligations  assumed  by  State  as  reimbursement  for  local  roads  added  to  State  system. 

5  In  States  indicated  by  star  (*)  law  provides  that  allotments  for  work  on  local  roads  or  streets  may  also  be  used  for  service  of  local  highway  obligations,  but  amounts 
so  used  not  reported  separately. 

6  To  State  general  funds  unless  otherwise  noted.    Allocations  to  county  or  municipal  general  funds  may  have  been  used  in  part  for  highways,  but  such  amounts  net 
reported. 

;  For  engineering  expenses  in  connection  with  irrigation. 
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ARRIER  TAX  RECEIPTS,  1935 


,ate  authorities] 


For  local  roads  and  streets ' 

For  other 
highway 
purposes 
(park  and 

forest 
roads, 

etc.) 

For  nonhighway  purposes 

or  work 
i  county 
nd  local 

roads 

For  work 
on  city 
streets 

Service  of 

local 

highway 

obligations 

Total 

To  general 
funds  6 

For  relief 
of  unem- 
ployment 
or  '  lcsti- 

tution 

For 

education 

For  other 
purposes 

Total 

State 

$17, 366 

$17, 366 

Alabama. 

'$215 

$215 

Arizona. 

Arkansas. 

277,  220 
o  78,  785 

277.  220 
78,  785 

$1,268,170 

I  14,340 

1,  282,  510 

Colorado. 

i°  103, 375 

103, 375 

Connecticut. 

Delaware. 

$161, 535 

161.535 
306 

'6  8,256 
10, 792 

$4, 198 

12,  154 
33,  234 

Florida. 

306 

12  22,  442 

Idaho. 

Illinois. 

Indiana. 

•;un  n;l 
161,710 

309, 034 

101,710 

Iowa. 

Kansas. 

Kentucky. 

Louisiana. 

Maine. 

Maryland. 

27.  688 
1,080 

27,  688 
1,080 

Massachusetts. 

Michigan. 

Minnesota. 

*9M.  229 
35,  205 

93,  229 
35, 205 

775 

775 

Mississippi. 

Montana. 

Nebraska. 

Nevada. 

New  Hampshire. 

29, 876 

7,521 

37, 397 

New  Jersey. 

New  Mexico. 

New  York. 

16  34, 028 

34, 028 

5,212 

North  Carolina. 

North  Dakota. 

122,  795 

122,  795 

Ohio. 

Oklahoma. 

*99,311 

99,311 
130 

1,700 

Oregon. 

130 

1,032 

1,032 

Pennsylvania. 

Rhode  Island. 

"7,275 

South  Carolina. 

10.  947 

South  Dakota. 

70,  646 

i,  303 

U  73 

Tennessee. 

Texas. 

Utah. 

Vermont. 

26,  497 

26,  197 

Virginia. 

Washington. 

16  2,  367 

2,  367 

West  Virginia. 

1, 009,  671 

1,009.671 

Wisconsin. 

Wyoming. 

»  166, 982 

166,982 

District  of  Columbia. 

1,  261, 232 

130 

169, 050 

1,430,418 

12,  707 

2,  713,  451 

fi,  803 

4.  198 

37, 070 

2,701.522 

Total. 

For  service  of  county  and  city  bonds. 

Funds  allotted  to  counties  for  use  on  both  State  and  local  roads. 
i  To  cities  and  towns. 

1  No  special  taxes  on  motor  carriers  reported. 

2  For  Confederate  pensions  and  past-due  teachers'  salaries.  $22,405;  for  prison  camps,  $37. 

3  Receipts  from  weight  tax  on  motor  carriers,  $5,154,  included  in  motor-vehicle  receipts,  preceding  table. 

'  Ton-mile  and  passenger-mile  taxes  paid  by  motor  carriers  in  lieu  of  registration  fees  included  in  motor-vehicle  receipts,  preceding  table. 

s  Adjustment  includes  $29,937,  pro-rata  share  of  temporary  loan  to  general  fund  for  relief  purposes. 

6  For  county  roads  under  State  control. 

I7  Pro-rata  share  of  temporary  loan  to  general  fund  for  relief  purposes. 

i'  To  counties  and  cities. 

!'  Aviation  projects. 

'•'  To  district  of  Columbia  general  fund. 
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DISPOSITION  OF  RECEIPTS  FROM  STATI 


[Compiled  from  repo: 


State 


Alabama 

Arizona.. 

Arkansas 

California 

Colorado 

Connecticut.. 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York  " 

North  Carolina 

North  Dakota 

Ohio . 

Oklahoma 

Oregon_ 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West  Virginia.. 

Wisconsin 

Wyoming 

District  of  Columbia 

Total. 


Net  total 

receipts  of 

calendar 

year  ' 


$13, 

4, 
10, 
52, 

8, 
11, 

2, 
23, 
17, 

5, 
50, 
27, 
22, 
13, 
13, 
12, 

7, 
12, 
23, 
40, 
18, 

9, 
18, 

5, 
11, 

1, 

4, 
34, 

4, 
100, 
25, 

3, 
61, 
16, 
11, 
69, 

5, 
10, 

5, 
18, 
•1". 

4, 

3, 
18, 
16, 
hi. 
28, 

2, 

3, 


996, 855 

249. 138 
793, 136 
561,118 
5 10,  936 
948,  042 
:.:,;),  vis 
072, 962 
318,706 

081,  613 
823, 119 
930,  395 
294, 583 
324,  758 
597,315 
981,  491 
829, 193 
731,465 
704,  302 
778,  840 
596,  459 
353,  476 
604,  696 

248,  274 

808. 139 
417,861 
562,  489 
913,118 

082,  185 
267,  752 
916,  450 
798,  455 
432,  603 
535,  293 
443,  279 
118,399 
021,642 
644,681 
998,  880 
663,870 
416,  568 
052,  400 
425,  886 
629,  720 

249,  758 
983,  210 
576,  260 
553,  073 
274,417 


950,  971, 158 


Adjustments 
due  to  un- 
distributed 
balances, 
etc.* 


-$18, 499 

-18,512 

-15,798 

-2,317,466 

-31,381 

-175,283 

H  561,  169 

-10,813 

-37, 694 

-118,426 

29,032 

-321,814 

-317,  823 

18,  992 

-62,  475 

567,  004 

-2,  424 

-259,198 

2,  824 

-189,127 

214,  920 

-7,  729 

104,  7S1 

37,  340 

1,126 

- 17, 496 

210 

"-6,032,485 

-17,331 

-114,118 

650,  433 

-187,978 

-1,  226,  714 

-387,  209 

-59,695 

33-1,289,503 

56,  805 

-82,  657 

94,483 

221,  397 

-87,991 

-261,315 

1,427,761 

-137,428 


-1,741 

-1,168,044 

80, 989 

374,  793 


-10,535,048 


Net  total 
funds  dis- 
tributed 


$13, 978, 356 
4, 230, 626 
10, 777, 338 
50,  243,  652 

8,  476,  555 
11,772,759 

3,115,067 
23,062,149 
17,281,012 

4, 963, 187 
50,852,151 

27,  608,  581 
21, 976,  760 
13,  343,  750 
13,  534, 840 
13,  548,  495 

7, 826,  769 
12,  472,  267 
23,707,126 
40,  589, 713 
18,811,379 

9,  345,  747 
18,  709, 477 

5,285,614 
11,809,265 

1,  400,  365 

4,  562,  699 

28,  880,  633 
4, 064,  854 

100,  153,  634 
26, 566, 883 
3, 610,  477 
60,  205, 889 
16, 148,  084 
11,383,584 
08,128,896 

5,  078,  507 
10,  562,  024 

6,  093,  363 
18,  885,  267 
49, 328,  577 

3, 791, 085 
4, 853,  647 
18, 492,  292 
16,  249, 758 
10,981,469 
27,  408,  216 

2,  634,  062 
3, 649, 210 


940,436,110 


Expenses 
of  col- 
lection 

and 
adminis- 
tration » 


$415,179 

200,  065 
448,  059 

2,541,614 
486,  253 
894, 699 
52,  730 
617, 069 
816, 257 
88,  457 

1,  566, 129 

1, 057, 934 
957,  916 
865,  555 
541, 190 
208,  799 
152,  552 
336,  460 

1,575,587 

964,  633 
187, 467 
705, 464 
128,067 
172, 935 
32,  666 
109,  914 

1,  194, 186 

201,  289 

2,  530,  357 
353, 237 
157.016 

1,660,017 
817,841 
441,799 

1,  601,  273 
291,417 
236,  095 
144,  228 
427,024 

1,285,306 

139,  204 

46,  691 

525,  363 

549,  971 

71,  927 

1,331.866 
43,  792 
162, 665 


31,761,144 


For  State  highway  purposes 


Construc- 
tion, 
mainte- 
nance, and 
adminis- 
tration * 


$5, 853, 965 
2,  740, 164 
1, 856,  242 

28.  001,  282 
4,  456,  691 
8, 275, 147 

1,  778, 079 
7,  581,  351 
8, 345, 288 
3, 069, 880 

17, 075, 250 
12,749,268 
7,503,053 
7,  697,  555 
12, 437, 905 

2,  762,  785 
4, 398, 749 
4,  519,  627 

6,  092,  412 
12, 465,  565 

9,  736, 775 

4,  449,  754 
10, 076, 478 

3, 100,  035 

5,  945,  800 
1,263,052 
3, 298, 487 
3,343,211 

1,  800,  291 
11,944,018 

7,  979,  927 
1, 739, 384 

20, 909,  973 
6, 936,  338 
5, 103,  775 

43, 866, 369 
3,813,464 
4,  318,  978 

2,  482,  433 
4,  990,  330 

21,  345,  965 
2,805,713 
2,  584,  430 

10, 922,  651 

6,  671,  974 
2,  744,  582 

10,  485,  808 
1, 669,  285 


375, 989, 538 


State 

highway 

police 


$172,964 
114,688 
86, 280 
2,  068,  763 
73, 128 
325, 000 
163,  759 
58, 957 


80, 971 
893, 175 
385,  227 


180,  640 

39,  738 

342,  477 

250,  000 

260,  699 

325,  000 

250,  000 

171,409 

27,  506 

256,  391 

72,  540 

12,500 

22, 813 

136,  700 


12,  734 

1,149,150 

2IS.S25 

26, 959 

473, 346 


283,  256 
1,  531,  849 


:  :9  l'05 


190,  922 
308,041 
108,  668 

73,  309 
194,  960 
507, 098 

29,277 


45, 778 


12,104,762 


Service  of  State  highway  obligations 


State 

highway 

bonds 


$1, 728,  513 


3,  643,  547 
460,000 


89,400 


207, 125 
9, 081, 120 


8, 365, 250 
2, 110,  307 
2,  521, 146 
715  305 
4, 082, 060 
2, 122,  000 


7, 635, 939 
804,  640 


67,  562 
731, 848 

7,  597,  651 
1,513.696 

8,  737,  780 
9, 146, 145 


3,923,391 

6,  414,  693 

301,876 

1,  339,  386 


120,  100 


737,  500 

949, 131 

649,  679 

<°  97, 930 

7,  248, 016 


278, 000 


93,  420,  736 


State- 
assumed 
local 
obliga- 
tions • 


$4, 055,  430 


469,  930 
2, 552, 247 


376,  789 


8, 114,  757 
1, 000,  000 


1, 962, 820 


14,  272 


553, 007 


3,  024, 084 


2, 133, 833 
8,  290, 061 


3, 815,  721 


36,  362,  951 


Notes  and 
other 
short- 
term 
loans 


$93,311 


25,000 


652 


4, 132, 610 


4,  251, 573 


Total 


$1,  728,  513 


7,  792, 288 
400,000 


559, 330 
2,  552,  247 


207,  125 
9,  457, 909 


8,114,757 
1,  000,  000 


8,  365,  250 
2,110,307 
2,  521, 146 
740,  305 
4, 082,  060 
4,  084,  820 


7, 635, 939 
804,  640 


81,834 
731, 848 
7,  597,  651 
1,  513,  696 
8, 737, 780 
9, 699, 152 


3, 923,  391 

6,414,693 

301, 876 

4,364,122 


6, 386, 543 

8, 290, 061 

737,  500 

949,  131 

649, 679 

97, 930 

7,  248,  016 

3,815,721 

278, 000 


134, 035,  260 


Total  foi 

State 

highwaj 

purpose: 


$7,  755, 44 
2, 854, 85 
9,  734, 81 
30,  530, 04 
4,  529, 81 
8. 600, 14 
2,  501, 16 
10, 192, 55 
8, 345, 28 
3, 357, 97 
27, 426, 33 
13, 134, 49 
15, 617, 81 
8, 878, 19 
12, 477, 64 
11,470,51 
6,  759,  05 
7,301,47 

7. 157. 71 
16,  797, 62 
13,993,00 

4, 477, 26 
17, 968, 80 
3, 977, 21 
5, 958, 30 
1,367,69 
4, 167, 03 

10. 940. 86 

3. 326. 72 
21, 830. 94 

17. 927. 90 
1,700,34 

21.383,1 
6,  936, 33 
9,310,42 

51. 812. 91 
4,115,34 
8,832,36 
2,482,48 

11,567,79 
29,944,06 
3,651,88 
3,600,87 
11,707,29 
7,277,00 

10. 021. 87 
14.  301, 52 

1, 993, 06 


522,129,561 


i  Includes  receipts  from  (1)  motor-fuel  taxes,  (2)  motor-vehicle  fees  and  fines,  and  (3)  special  imposts  on  motor  vehicles  operated  for  hire  (motor-carrier  taxes),  i 
preceding  tables,  which  give  distribution  of  these  three  classes  of  receipts  separately- 

3  Amounts  distributed  during  the  calendar  year  differ  in  many  eases  from  actual  collections  because  of  undistributed  balances  and  lag  between  accounts  of  collect! 
and  expending  agencies.  Adjustments  also  include  deduction  of  receipts  not  classed  as  highway-user  imposts  as  follows:  Proceeds  of  tax  on  gasoline  used  in  aviation 
Idaho,  Maine,  Michigan,  Nebraska,  Oregon,  and  Wyoming,  and  proceeds  of  tax  on  nonmotor-vehicle  fuel  in  Ohio. 

8  Includes  expenses  of  collection  and  administration  of  motor-fuel  tax,  motor-vehicle  fees,  and  motor-carrier  taxes,  and  miscellaneous  expenses  of  motor-vehicle  regit 
tion. 

*  Includes  funds  allotted  for  expendilure  on  urban  extensions  of  State  highway  svstem,  where  reported  separately  from  other  funds  distributed  for  local  roads  a 
streets. 

5  County  or  local  obligations  assumed  by  State  as  reimbursement  for  local  roads  added  to  State  system. 

6  In  States  indicated  by  star  (*)  law  provides  that  allotments  for  work  on  local  roads  or  streets  may  also  be  used  for  service  of  local  highway  obligations,  but  amoui 
so  used  not  reported  separately. 

7  £?  a  number  of  States  allotments  for  local  road  work  may  be  used  on  city  streets.    This  column  shows  allotments  which  were  reported  separately.    See  note  4. 

8  To  State  general  funds  unless  otherwise  noted.  Allocations  to  eountv  or  municipal  general  funds  mav  have  been  used  in  part  for  highways,  but  such  amounts  I 
reported. 

6  To  county  and  municipal  general  funds. 

10  For  engineering  expenses  in  connection  with  irrigation. 

11  For  service  of  county  and  city  bonds. 

12  Funds  allotted  to  counties  for  use  on  both  State  and  local  roads. 

13  To  cities  and  towns. 

"  State  highway  sinking  fund  transferred  to  general  fund  as  a  result  of  refunding  operation  which  replaced  sinking-fund  bonds  with  serial  bonds. 

>s  Includes  $8,256  to  cities  and  towns. 

'»  To  Division  of  Airways,  $15,616;  Dade  Memorial  Park,  $818. 

17  For  Confederate  pensions  and  past-due  teachers'  salaries,  $2,000,000;  prison  camps,  $3,322. 

18  To  ports  of  New  Orleans  and  Lake  Charles  Harbor  for  harbor  improvement. 

'»  To  Conservation  Department  for  oyster  propagation,  $75,000;  Chesapeake  Bay  ferry  companies  $48,727. 

!0  Debt  service  on  nonhighway  portion  of  emergency  Public  Works  lean. 

51  Service  of  highway  relief  bonds,  a  State  obligation  incurred  for  improvement  of  local  roads. 
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of  State  authorities] 


For  local  roads  and  streets  ' 

For  other 

highway 

purposes 

(park  and 

forest 

roads, 

etc.) 

For  nonhighway  purposes 

For  work 

on  county 

and  local 

roads 

For  work 
on  city 
streets  7 

Service  of 

local 

highway 

obligations 

Total 

To  general 
funds  8 

For  relief 
of  unem- 
ployment 
or  desti- 
tution 

For 
Education 

For  other 
purposes 

Total 

State 

$5, 124, 552 

•983, 365 

512.731 

•15,  707,  322 

■2  2, 476,  206 

2, 174,  538 

$5, 124,  552 
983,  365 
594,  4C9 
15,889,483 
2, 476,  206 
2, 174,  538 

» $653, 183 

$653, 183 
192,  344 

Alabama. 

Arizona. 

Arkansas. 

California. 

Colorado. 

Connecticut. 

Delaware. 

Florida. 

Georgia. 

Idaho. 

$186,  667 

10  $5, 677 

$81, 738 

$182, 161 

1,  268, 170 

730,  476 

"  103,  375 

»  561,  169 

"  2,  560,  504 

963,  349 

ii  14,340 

1,  282,  510 

984, 277 

103,375 

561, 169 

6,  986,  495 

5,  582, 148 

253,  801 

5,  266, 030 

5,  266,  030 

2,537,319 

1,516,754 

14,353,710 

10,  982, 135 

5,  401,  034 

3,  600,  000 

516,  007 

$4,  409, 557 
2,  615, 477 

i«  16,  434 
»  2,  003,  322 

2, 537, 319 
•1,516,754 
•7,  756, 878 

8, 785, 708 
•5,  401,  034 

3,  600,  000 
516, 007 

•6,  596,  832 
2, 196, 427 

289,  237 
2,  434,  017 

3,  512,  788 

3,  703,  953 

7,  505,  978 
2, 434,  017 

934,  592 

'8  934,592 

1, 869, 18 1 

915,161 

779, 019 

3, 840, 500 

•22,  053,  997 

•3, 697, 644 

•4,  680,  245 

35,  205 

1,151,818 

•4,  243,  632 

915, 161 
4,371,187 
3,  840,  500 
22,  053, 997 

3,  697,  644 

4,  680,  245 

35,  205 
1, 180, 332 
4,564,812 

2, 950,  062 

642, 106 

12,960 

9,  527.  ess 

352, 161 

156,  098 

775 

326,  461 
™  734,  500 

19  123,  727 

463,  148 

10,  262, 188 

352,  161 

156,  098 

775 

Maryland. 

$871, 134 

Michigan. 

Mississippi. 

28, 514 
321,  180 

1, 113, 218 

1,113,218 

2>  285.  750 
1,  354,  550 

285,  750 

11,045,000 

146,412 

17,259.477 

6,  528,  280 

781,  342 

27,  435,  920 

4, 899, 899 

1,  600,  000 

'J,  403,  784 

New  Hampshire. 
New  Jersey. 

9, 690, 450 

146, 412 

•17,259,477 

"  6,  528,  280 

781,  342 

•'»  *22,  506,  475 

•4, 899,  899 

•1, 600,  000 

•8, 345.  37 1 

3, 964,  062 

1, 332, 500 

M  404,  023 

5,  700,  585 

390, 432 

58,  526, 852 

1,757,462 
905.  776 

9,  726,  633 

3, 494,  000 

1  390,  132 

a  58, 526,  S52 

1,  757,  162 

77ii 

New  York  25 

»  905,  000 

31  239,  030 

"  3,  490,  778 

™  4,  929,  445 

9, 487, 003 

Ohio 

3,  228 

28. 363 
89,883 

Oregon. 
Pennsylvania. 

1,118,410 

1,  032 

5,  086,  269 
671,  750 

3' 73,  714 

5, 101,  045 
071,750 
140,  880 
2,  356,  601 
2,  657,  470 
8,  290,  001 

•1,  352,  684 
1, 030, 101 
4,  232,  978 

*9, 809, 143 

1,352,684 
1,030,101 
4,  232,  978 
9, 809,  1 13 

3J  140.880 
114,425 
76,646 

80, 000 

36  2,242,176 

37  2, 330,  824 

250,  000 

8,  290, 061 

Utah. 

1,  200.  086 
M  6, 170,  790 
*6,  523,  60-1 
27  885,  275 
5,  667, 153 

1,  200,  086 
6.170,790 
7,  597, 498 

885,  275 

6,  485,  504 

597,  207 

2,  572,  002 

28,  849 

825,  287 

2,  392 

5,089,317 

994,  320 

79,  574 

«  825,  287 

«'  2, 392 
'2  5,  089,  317 

818, 351 

200, 000 

597,  207 

2,  572,  002 

"914,543 

914,  543 

207,716,365 

22, 707;  704 

7,  709, 748 

238, 133, 817 

1,  269, 380 

80,  657,  644 

16,  924,  803 

30, 773, 143 

12,78G,619 

147, 142,  209 

Total. 

22  Includes  $5,391,424  temporary  loan  to  general  fund  for  relief. 

"  For  service  of  institutional  construction  bonds,  $434,468;  Department  of  Commerce  and  Navigation,  $90,000,  less  credit  for  excess  allocations  in  1934,  (— )  $120,445. 
21  To  State  general  fund,  $146,412;  to  county  general  funds,  $244,020. 

»  Appropriations  out  of  general  fund  for  highway  purposes  have  been  credited  against  payments  of  motor-fuel  tax  and  motor-vehicle  fees  to  the  State  general  fund 
and  prorated  in  proportion  to  net  receipts  not  otherwise  dedicated. 

26  To  State  general  fund  after  crediting  appropriations  for  highway  purposes,  $52,828,892;  New  York  City  general  fund.  $5,097,900. 

27  For  county  roads  under  State  control. 

«  To  real  estate  bond  and  interest  fund,  $900,000;  Bureau  of  Criminal  Identification,  $5,000. 

21  Law  provided  for  partial  diversion  of  county  and  township  allotments  to  general  funds.    Amounts  so  used  not  reported  separately. 

30  Allotment  from  motor-fuel  tax  only.    Municipal  allotments  from  motor-vehicle  fees  not  reported  separately  in  1935. 

3i  For  hospitalization  of  indigent  persons  injured  in  motor-vehicle  accidents. 

32  For  service  of  general  State  debt. 

33  In  computing  adjustment,  amounts  loaned  to  general  fund  for  relief  purposes  in  1934  and  1935.  $7,340,000,  have  been  included  in  the  undistributed  balances. 
3'  For  aircraft  landing  fields.  $49,845;  cooperative  work,  other  departments,  $23,899. 

35  To  State  general  fund,  $133,605;  to  counties  and  cities,  $7,275. 

38  For  payments  on  real-estate  bonds. 

37  Service  of  general-fund  bonds,  $2,110,489;  Great  Smoky  Mountain  Park  bonds,  $211,049;  aviation  projects,  $2,686. 

"  For  county  roads  under  State  control  in  all  but  three  counties,  $5,944,322;  transferred  to  remaining  three  counties,  $226, 168 

3'  For  aviation  purposes. 

<°  Debt  service  charges  on  $10,000,000  emergencv  relief  bond  issue  prorated  in  proportion  to  allotments  for  State  highways,  local  roads,  and  nonhighway  purposes. 

<i  To  cities. 

*2  Includes  $1,509,671  to  State  general  fund  and  $3,579,646  to  towns,  cities,  and  villages  in  lieu  of  personal-property  tax  formerly  imposed  on  motor  vehicles. 

«  To  District  of  Columbia  general  fund 
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EXPERIMENTAL  BITUMINOUS  TREATMENT 

OF  SANDY-SOIL  ROADS 

REPORT  ON  EXPERIMENTS  IN  SOUTH  CAROLINA 

Reported  by  PAUL  F.  CRITZ,  Associate  Highway  Engineer,  United  States  Bureau  of  Public  Roads 
and  H.  L.  SLIGH,  Division  Engineer,  South  Carolina  State  Highway  Department 


A  BITUMINOUS  experimental  road  was  con- 
structed in  Horry  County,  S.  C,  in  1927.  It  is 
still  in  service,  and  the  necessary  maintenance 
has  been  such  that  the  original  construction  has  been 
preserved  on  about  one-half  of  the  project  and  the 
remainder  has  been  modified  only  by  the  type  of  surface 
treatments  applied. 

The  purpose  of  this  experiment  was  to  obtain  infor- 
mation as  to  practicable  methods  of  stabilizing  the 
surfaces  of  roads  built  of  the  local  materials  character- 
istic of  the  southeastern  coastal  plain.  Materials  such 
as  clays  and  mineral  aggregates  ordinarily  considered 
satisfactory  for  stabilizing  were  not  economically  avail- 
able and  consequently  bituminous  materials  were  se- 
lected as  the  stabilizing  agent. 

At  the  time  this  road  was  built  little  information  was 
available  for  the  guidance  of  the  engineers  in  the  design 
of  the  sections  and  methods  of  construction.  Since 
these  experimental  sections  were  built,  however,  con- 
siderable progress  has  been  made  in  the  field  of  low-cost 
bituminous  road  construction,  and  it  is  interesting  to 
note  that  all  of  the  materials  and  equipment  and  practi- 
cally the  same  methods  used  in  this  experiment  are  in 
common  use  at  the  present  time. 

A  better  understanding  of  the  methods  and  materials 
that  give  greater  assurance  of  successful  construction 
today  has  been  made  possible  in  a  large  measure  by 
the  information  obtained  from  experimental  roads. 
The  fact  that  much  of  the  road  work  done  today  by 
the  State  of  South  Carolina  is  based  upon  results  ob- 
tained from  this  experiment  indicates  that  it  has  been 
of  considerable  value. 

ECONOMICAL  METHOD  OF  STABILIZING  SANDY  SOILS  NEEDED 

Various  methods  of  bituminous  treatment  to  improve 
low-type  roads  have  been  employed  by  practically  eveiy 
State.  Although  many  different  materials  and  methods 
have  been  used,  the  improvements  may  be  divided 
roughly  into  two  classes:  (1)  The  mat  type  of  treatment, 
which  is  constructed  not  less  than  1  inch  thick;  and  (2) 
the  surface-treatment  type,  in  which  the  treatment  is 
usually  not  more  than  1  inch  thick.  Both  types 
depend,  as  does  any  flexible  surface,  directly  upon  the 
base  for  support. 

A  wide  variety  of  bituminous  materials  and  aggre- 
gates have  been  used  successfully  for  such  work,  and 
while  different  t.ypes  of  surfaces  have  resulted,  there 
has  been  no  special  difficulty  in  providing  a  satisfactory 
surface  for  roads  whose  bases  and  subgrades  were 
capable  of  supporting  traffic. 

For  those  localities  where  the  roads  were  composed  of 
loosely  bound  soil,  such  as  sand  or  mixtures  of  sand,  silt, 
and  clay  that  were  inherently  weak,  the  problem  of 
improvement  was  more  difficult.  Such  a  condition  is 
found  in  the  South  Atlantic  coastal  area  in  general,  and 
the  eastern  part  of  South  Carolina  in  particular. 

An  appreciable  mileage  of  the  roads  in  this  territory 
traverses  relatively  low,  swampy  areas  that  offer  little 
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opportunity  for  adequate  drainage  of  the  right-of-way 
because  the  ground-water  level  in  many  places  is  approx- 
imately at  the  elevation  of  the  ground  surface. 

The  locality  these  roads  serve  is  mainly  agricultural 
but  pleasure  resorts  on  the  coast  attract  numbers  of 
visitors.  The  traffic  carried  is  variable  in  character 
and  volume,  ranging  from  fast-moving  passenger  cars 
to  slow-moving,  steel-tired  vehicles  carrying  relatively 
heavy  loads. 

The  soil  composing  these  roads  is  predominantly 
sand  containing  clay  and  silt  in  varying  proportions. 
As  a  rule  no  uniformity  of  composition  exists,  with  the 
result  that  a  satisfactory  surface  condition  is  the  excep- 
tion rather  than  the  rule.  The  sand  is  composed  of 
poorly  graded,  small-size  particles.  The  clay  possesses 
little  binding  power  and  slakes  rapidly,  breaking  up  in 
both  wet  and  dry  weather. 

The  combining  of  sand  and  clay  produces  a  material 
which  crumbles  and  becomes  excessively  dusty  in  dry 
weather.  With  continued  dry  weather  traffic  quickly 
cuts  into  the  soil  until  the  road  becomes  all  but  im- 
passable. In  wet  weather  water  quickly  softens  the 
sand-clay  and  also  causes  the  road  to  become  almost 
impassable. 

The  stability  of  the  surface,  therefore,  is  as  variable 
as  the  composition  of  the  road  material.  On  a  given 
day  the  sandier  portions  might  be  extremely  loose  and 
difficult  to  travel  over,  while  the  portions  containing 
some  clay  would  be  more  stable  but  most  likely  would 
be  very  dusty.  On  the  following  day,  if  it  had  rained 
and  the  road  was  very  moist,  the  sandier  portions  might 
present  the  better  surface  for  traffic  and  the  areas 
abounding  in  clay  would  be  sloppy  and  rutted.  Upon 
drying,  these  latter  areas  would  regain  some  stability 
but  the  sandier  portions  would  rapidly  lose  the  stability 
provided  by  the  moisture  they  had  held  temporarily. 
In  all  weather  such  surfaces  are  difficult  to  maintain  in 
any  condition  approaching  smoothness. 

Obviously,  the  serviceability  of  a  road  of  this  kind  is 
very  limited  and  is  not  increased  permanently  by 
ordinary  routine  maintenance.  In  addition,  the  cost 
of  maintenance  under  such  conditions  becomes  an 
economic  loss,  especially  when  compared  with  the 
maintenance  costs  after  the  experimental  surfaces  were 
built.  This  later  maintenance  added  to  the  permanent 
improvement  of  the  road  to  such  an  extent  that  its  cost 
in  a  large  measure  could  be  credited  to  betterment 
rather  than  to  maintenance  alone. 

With  a  considerable  mileage  of  such  roads  in  need  of 
immediate  improvement,  and  with  a  relatively  small 
amount  of  funds  available  for  such  work,  South  Carolina 
was  confronted  with  a  problem  somewhat  greater  than 
existed  in  those  States  where  the  untreated  roads  were 
providing  a  satisfactory  degree  of  serviceability  and 
where  it  was  necessary  only  to  design  a  treatment  that 
would  either  increase  or  make  relatively  permanent  their 
present  serviceability. 
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VARIOUS  TARS  AND  ASPHALTS  USED  ON  SECTIONS  OF  EXPERIMENT 

Experience  has  shown  the  suitability  of  sand  as  road 
surfacing  material  when  mixed  with  a  satisfactory 
hinder.  It  is  also  recognized  that  sand,  properly  con- 
fined, has  high  hearing  value  irrespective  of  its  grading. 
Consequently,  the  problem  in  South  Carolina  was  that 
of  so  treating  the  sand  or  mixture  of  sand,  silt,  and 
inferior  clay  that  advantage  might  be  taken  of  these 
inherent  qualities. 

To  develop  a  satisfactory  and  economical  method  of 
improving  these  loosely  bonded,  sand-clay  roads,  the 
South  Carolina  State  Highway  Department,  in  co- 
operation with  the  Bureau  of  Public  Roads,  constructed 
an  experimental  highway  during  1927.  This  liighway, 
20.6  miles  in  length  and  approximately  20  feet  wide, 
extends  north  and  west  from  the  northwest  city  limits 
of  Conway,  S.  C,  to  Galivants  Ferry,  S.  C.  The  road 
on  which  the  experimental  sections  were  built  was 
typical  of  those  of  the  Atlantic  coastal  area  and,  in 
general,  was  quite  unsatisfactory  as  a  highway.  Por- 
tions of  it,  passing  through  low,  swampy  areas,  were 
poorly  drained.  Throughout  its  length  there  existed 
combinations  of  sand  and  clay  ranging  from  practically 
pure  sand  to  mixtures  fairly  high  in  clay.  Its  behavior 
in  wet  and  dry  weather  was  typical  of  the  loosely 
bound,  sand-clay  roads  of  this  area  whose  behavior 
has  already  been  described. 

Part  of  the  project  lies  on  United  States  Highway 
No.  701  and  all  of  it  lies  on  United  States  Highway 
No.  501,  which  is  an  arterial  highway  to  the  coast. 
During  the  spring  and  summer  months  it  carries  both 
heavy  and  light,  fast-moving  traffic.  During  the  crop- 
marketing  seasons  the  main  traffic  is  heavily  loaded 
vehicles,  a  fair  portion  of  which  is  on  narrow  steel  tires. 

The  experimental  road  was  constructed  during  the 
period  from  May  to  October  1927  and  was  divided  into 
eight  experiments,  some  of  which  were  subdivided  into 
sections.  Bituminous  mats  were  constructed  on  all 
sections;  some  were  designed  to  serve  as  wearing 
surfaces  and  others  to  serve  as  bases  to  which  additional 
surface  treatments  were  applied.  Some  of  the  sections 
were  designed  for  machine  maintenance  and  others 
for  maintenance  such  as  is  ordinarily  applied  to 
macadam-like  surfaces.  One  experimental  section,  a 
double-application  surface  treatment  laid  directly  upon 
the  sand-clay  soil,  was  included  for  comparison  with 
the  other  experimental  sections  of  the  project  and  also 
with  similar  treatments  successfully  applied  in  other 
parts  of  the  State  where  the  roadbed  soil  was  believed 
more  suitable  for  such  treatment.  Locations  and 
descriptions  of  the  experimental  sections  are  shown 
in  figures  1,  2,  3,  and  4,  which  also  show  the  extent 
and  character  of  the  various  re-treatments  applied. 

Both  hot-  and  cold-application  tars  and  asphalts 
were  used  in  construction.  The  cold-application  tars 
had  consistencies  of  8-13,  18-25,  and  25-35  specific 
viscosity,  Engler,  at  40°  C,  and  the  hot-application  tar 
had  a  float  of  155  at  32°  C.  The  tar  of  8-13  viscosity 
was  used  to  prime  an  untreated  base  preceding  surface 
treatment;  the  tar  of  18-25  viscosity  was  used  as  a 
binder  in  the  mixed  base  and  for  the  surface  enrichment 
of  the  mix  without  the  addition  of  a  mineral  cover;  and 
the  tar  of  25-35  viscosity  and  the  hot  tar  were  used  as 
binders  with  stone  cover  in  the  surface  treatment  of 
mixed  bases. 

Two  types  of  the  cold-application  asphaltic  materials 
were  used — rapid-curing  and  slow-curing  materials. 
The  former  were  various  grades  of  asphalt  cements 


ranging  in  penetration  from  85  to  180,  cut  back  to  low 
viscosity  with  a  heavy  naphtha  distillate.  The  latter 
were  slow-curing,  liquid  asphaltic  materials  produced 
by  different  processes  of  refining.  Both  the  rapid-  and 
slow-curing  asphaltic  materials  were  used  as  binders  in 
the  mixed  bases  and  for  surface  treatment  of  the  mixed 
bases.  When  used  for  surface  treatment,  the  rapid- 
curing  cutbacks  were  used  with  mineral  aggregate  cover 
while  the  slow-curing  oils  were  used  only  for  surface 
enrichment  with  no  mineral  cover  material. 

The  hot-application  material  was  an  asphaltic  cement 
and  was  used  only  in  surface  treatment  with  stone 
cover.  All  asphaltic  materials  came  from  a  single 
refinery  as  did  all  tar  products  used  in  the  experiments. 
Analyses  of  these  materials  are  given  in  tables  1  and  2, 
with  the  exception  of  the  slow-curing  oil  E  and  the  25-35 
viscosity  tar,  analyses  for  which  are  not  available. 
Amounts  used  in  each  section  are  given  in  figures  1,  2, 
3,  and  4. 

Crushed  granite,  pea  gravel,  sand,  and  treated 
material  bladed  from  the  mixed  mats  were  used  as 
cover  materials.  The  mechanical  analyses  of  the  stone, 
gravel,  and  sand  are  given  in  table  3. 

BITUMINOUS  MATS  BUILT  USING  EXISTING  ROAD  MATERIALS 

Prior  to  actual  construction  of  the  experimental 
sections,  the  road  had  received  the  customary  routine 
maintenance  but  little  had  been  done  in  the  way  of 
permanent  improvement.  Drainage  structures  had 
been  installed  where  there  was  considerable  run-off 
and  slight  fills  and  cuts  had  been  made.  In  general 
the  grade,  with  respect  to  the  adjoining  area,  was  low 
in  comparison  with  standards  of  drainage  and  grade 
in  use  at  the  present  time. 

The  stationing  begins  at  Conway  and,  for  the  purpose 
of  this  report,  the  road  may  be  considered  as  extending 
east  and  west.  References  to  "east"  or  the  "east  end 
of  an  experiment"  are  therefore  to  be  taken  to  mean  the 
beginning  of  the  experimental  section  or  the  end 
nearest  Conway. 

The  initial  step  in  constructing  the  mixed  base  was 
preparation  of  the  roadbed  soil  for  treatment.  This 
involved  scarifying  to  the  depth  desired  and  pulverizing 
the  loosened  material  with  disk  harrows  and  blade 
graders.  On  some  sections  the  soil  was  already  in 
such  a  loose  condition  that  the  blade  grader,  without 
scarifying,  readily  converted  it  into  a  well  pulverized 
mass.  As  the  material  was  loosened,  it  was  moved  to  l 
the  roadside  into  windrows  until  the  amount  necessary 
for  the  required  thickness  of  mat  had  been  accumulated 
and  was  then  spread  over  the  full  width  of  the  road. 

After  the  material  was  evenly  distributed,  usually 
in  half-mile  units,  bituminous  material  was  applied 
with  600-gallon  pressure  distributors.  The  total 
amount  of  bitumen  was  spread  in  two  or  more  applica- 
tions, and  after  each  application  a  disc  harrow  turned 
the  mixture  of  bitumen  and  soil.  The  object  of  this 
preliminary  mixing  was  to  prevent  the  early  loss  of 
light  constituents  of  the  bitumen,  to  protect  passing 
traffic,  and  to  prevent  the  accumulation  of  pools  of 
bitumen  in  depressions  and  wheel  tracks. 

Final  mixing  was  done  by  power-drawn  graders  which 
bladed  the  mixture  back  and  forth  across  the  road  until 
it  presented  a  homogeneous  appearance.  Because  of 
varying  composition  and  grading  of  the  soil,  some 
portions  of  the  unit  under  construction  might  appear 
too  lean  or  too  rich.  Additional  bitumen  or  soil  was 
worked  into  such  portions  until  they  appeared  satis- 
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E-PERiMCNT-l         SECTION-A 
CONSTRUCTION 


Experiment -i     section-6 

CONSTRUCTION 


2-INCH.USING    I    30  GALLONS    ISO -1  80  P£NE  TP 


-■      liu-  I80PENET 


-•HALT    CUT   BACK 


0.35  GALLON      I  SO -200  PENETRATION 


.       • 

JULY 

1927 

DEC 

192  7 

OEC 

1928 

0.2*GAL     150-180   C6      20  LBS   ^ 

OCT 

1929 

]l0  27GAI      ! 

■  TON,:         ,                            \  35  LBS     |"-s 

APR 

1930 

t'  1  0  '.-■■■        ■                                                                                                                          ,  ■ 

032GAL     I50-200CB     ASLBS    - -^    STONE 

MAY 

1931 

'               0  31  Cal    150  - 200  C  6         /AL$C     0N\      REMiXEC    N 

._  j     _    40LBS    j  ■   .,                                           /.-■..'                                                                                              ;   A 

MAY 

1932 

MAY 

1933 

b-iooce    i                         roN( 

JUNE 

1934 

^ 

■      ■- 

1.30  GALLONS 

85-100  PENS    1-RATiGN     ASPHALT    CUT    BACK   WITH    NAPHTHA 

0.  16   GALLON 

6S-I00  PENETRATION   ASPhalT   CUT  BACK   with  naphtha 

0  PENETRATION   ASPhalT,    HOT 

50  POUNDS    I  j"-  ^  "GRANITE 

RE-TREATMENTS 

0  SO  GAL     85- 100  C  B      PEA   GRAVEL 

r     ■■■ 

0  38  GAL     I50-200CB       30LBS     j  -  y   5TONE 

0   }l       AL     >S0-  200  CB      40  LBS  |'-  y'STONE 

■  AL        95-  100   C  B.     60  LBS  J"-  j"  STONE 

Q3SGAL       85-100   CB     40  LBS  |"-  j  STCNE 

SECTION 


EXPERIMENT-2      SECTION- 
CONSTRUCTION 


STA 

SO 

■ 

i  TO 

180 

MIXED  &ASE 

2 

INCH, USING  206  GALLON 

85-100  PENETRATION    asphalt    CUT                  VITH     -APHTHA 

PRIME 

SEAL 

0.33  GALLON 

SJAPHTHA 

COVER 

■-.,,■• 

PE-TREATMF.NTS 


190 

200 

205 

2- 

NCH, USING       81 

PENETRATION   ASPHALT   CUT  BACK   v 

VITH    NAPHTHA 

0  39   GALLON 

85-  100  PENETRATION    ASPHALT  CUT  BACK  \ 

VITH     NAPHTHA 

20  POUNDS    PEA  GRAVEL 

JULY 

1927 

DEC 

1927^ 

0  27  GAL    85-  100  C  6 

DEC 

1926 

OCT. 

19  29 

APR 

1930 

MA, 

1932 

MAY 

1933 

0  6SGAL     85-100  CB     60  LB: 

JUNE 

19  34 

RE-TREATMENTS 

0  20  GAL.    85  -  100  C  B    20LBS  PEA  GRAVEL 

0  2n  GAL     85-100  C   B    20  LBS   PEA  GRAVEL 

85 

h   NO  OIL  ADDED     SEAL,  0  39  GAL    . 
100    C  B     COVER,  40  LBS   PEA  GRAVEL 

Mi«.E0  with   NO  OIL  ADDED      SEAL,  0  41  GAl  \i_^ 
85-I00CB    COVER,  40  LBS  PEA  GRAVEL          \\ 

031  GAL     65-IOOC.B-   35  LBS   PEA  GRAVEL 

Ob^CAL   BS-fOOC   B    45  LBS.  PEA  GRAVEL  AND  5  LBS   SAND 

E>PERlMENT-2      SECTION  -C 
CONSTRUCTION 


Experiment- 2    section -o 

CONSTRUCTION 


STA 

205 

210                                                                     215 

220     221 

MIXED  B*     1 

2-INCH, USING   I                                                                                           =>HALT    CUT   BACK   v 

VITH    NAPHTHA 

PRIME 

SEAL 

040  GALLON       85- 100  PENETRATION   ASPHALT   CUT   BACK 

YlTH    NAPHTHA 

COVER 

20    POUNDS  SAND 

225 

230 

235 

2 

INCH.USIN 

G   2  20  GALLONS  100- 

120  PENETRATION  ASPHALT   CUT  BACK  * 

ITH    NAPHTHA 

0  40  GALLON      100- 

120  PENETRATION  ASPHALT  CUT  BACK   ^ 

WITH    NAPHTHA 

20  POUNDS  SAND 

RE-TREATMENTS 


JULY 

1921 

DEC 

1  ■*  2  ■ 

0  25  GAL    85-100  CB        20  LBS.    SAND 

DEC 

1928 

REMIxED  with  I  SOGALS   8S-I00  C  B    SEAL.  0  39  GAL    65-I00CB 
COVER.     40 LB 

OCT 

1929 

REMIXED  WITH   NO  OIL  ADDED                 SEAL  .                           15  -100  C  B. 
,                                                                                                                         COVER  .     SOIBS     Is"- A"  STONE 

APR      1930 

MAT 

1931 

MAY      19  3? 

0  39   GAL    ISO -200  CB3SLBS     |-  -  jS 

MAY 

i  9  ■■  ■■ 

JUNE 

1934 

049GAL    85-100   C  B     4  S   LBS    §■"-  j'sTONE 

RE-TREATM     ■." 

0.29  GAL    100-120  C   B     SANO 

REMiaED  WITH  1  SOGALS    85-1O0CB     5EAL.0.39 
85-IOOC   B     COVER,   40LBS     SANO 

■-'.'■  ■      ■.                              :  '    ,Q36GALl 
I00-I20C  8  COvtB, SOlBS   Ij"-  j"ST0NE[                   i 

0.33  GAL    100-120  CB 
30  LBS   j-  f  STONE 

t    ■          REMIXED  NO  OIL  ADDED     SEAL.  0  3a  GAL    100 -120  C  B 
COVER    30LBS    f-j-'STONE 

0,39  GAL    1SO-200CB3SLBSJ--5-'  STONE 

049  GAL   8S-I00C  B    45LBS  j-^'  STONE 

STA     235 


EXPERIMENT -2      SECTION  -E 

CONSTRUCTION 

2a5  255 


EXPERIMENT-2      SECTION -E 
CONSTRUCTION 


MIXED  BASE 

2-INCH,USING    2  37  GALLONS    100-120  PENETRATION    ASPHALT   CUT  BACK 

VITH     NAPHTHA 

PRIME 

Sl_  A, 

044GALL0N      100 -120  PENETRATION    ASPHALT   CUTBACK 

WITH    NAPHTHA 

COVER 

20  POUNDS  PEA  GRAVEL 

275                                                                         285 

295 

2-INCH,  USING   195  GALLONS   100-120   PE  NETRATION  ASPHALT   CUT  BACK   WITH    NAPHTHA 

0  48  GALLON     100-120  PENETRATION  ASPHALT  CUT   BACK    WITH   NAPHTHA 

45  POUNDS  ly-  A"  STONE 

RE-TREATMENTS 


0.29  GAL     100-120  C  B   PEA  GRAVEL 


0.390AL    I50-200CB     35  L 


RE-TREATMENTS 

0  29  GAL    I00-I20CB    SOLBS    Ij-A-'sTONE 

0  33  GAL  85 

100  C  B  ON  LEFT  SIDE    0.33  GAL  150-180  C  B    ON  RIGHT  5IDE    40LB5     5 "- i  STONE 

Figure  1. — Chart  Showing  Construction  and  Character  of  Re-treatments  Applied  to  Experimental  Sections  1  to  2-F, 

Inclusive. 
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EXPERIMENT- 2       SECTION- G 
CONSTRUCTION 


EXPERIMENTS       SECTION- H 

CONSTRUCTION 

321  325 


2-INCH, USING  2.20  GALLONS   ISO  -  180  PENE  TR  ATION   ASPHALT   CUT  BACK   with   NAPHTHA 


0  SO  GALLON      ISO-  180  PENETRATION   ASPHALT   CUT  BACK 


5     \x  -i    STONE 


2- 

NCH,US1NG  2.78  GALLONS 

IS0-I80  PENETRATION   ASPHALT   CUT   BACK  * 

viTH    NAPHTHA 

0.33  GALLON 

ISO-ISO  PENETRATION   ASPHALT    CUTBACK 

VITH    NAPHTHA 

20  POUNDS   PEA  GRAVEL 

RE-TREATMENTS 


REMIXED,  -      IS0-I80CB       SEAL  ,  0  35  GAL.   1 50  - 180  C  B    30  LBS    1^- 


OCT      192  9 


0  33  GAL   &5-I00C  B  CN 


.  F  FT     SIDE      0.3J  GAL    I  SO -180  C  B   ON    RIGHT    SIDE      40  LPS  ; 


RE-TREATMENTS 

REM 

*ED,  ADDING 

-OOGAL    150-ISOCB.        SE  AL, 0.20  GAL.  ISO  -  180  C  B.   20LBS. 

PEA    GRA 

VEL. 

0.2b  GAL     ISO  -180  C  B     20L8S     %'•  jr  STONE 

03SGAL     IS0-200GB     45LBS     ^   -  g- STONE 

047  &AL     8S-I00CB      40  LBS    #   -   \   STONE 

EXPERIMENT-2      .. ; 

CONSTRUCTION 


2-INCH   USING   2  00  GALLONS   150-160  PENETRATION    aSPha.t    CL  T   BACf   WiTh    naPhTha 


0  -10  GALLON      ISO-  180  PENET 


ALT    CUT  3ACK 


20P0UNDS     SAND 


EXPERIMENT     3 

CONSTRUCTION 

370  380 


2-INCI- 

,  USING    1.60   GALLONS     5L0W 

-CURING     OIL    A 

SURFACE    ENRICHK 

*ENT-    0.65   GALLONS     SLOW 

-CURING    OIL    A 

TREATED     SOILS 

RE-TREATMENTS 

JULY 

1927 

DEC 

1927 

REMI>E0, 

ADDING 

50-I80CB       SCAL,020GAL     IS0-I80CB. 

20LBS.  SAND 

DEC 

1928 

0  26  GAL      ISO  -  ISO  C  B      20  LBS     ^   -   ^   STONE 

OCT 

1929 

' 

APR 

1930 

0  3b  GAL     IS0-200CB      4SLBS     %   -   7,    STONE 

MAT 

1931 

MA, 

1932 

MAT       1933 

0  47  GAL       85  -     .                                                 ;    STONE 

.'.  Nf 

■     ■ 

RE-TREATMENTS 

HY   \ 

IKED 

</\    '    ]-■ 

1  42  GALS.  SLOW-CURING   OIL   A       '.'■         REMIXED   WITH    2  05  GALS   SLOW-CURING    OIL    A 

REMISED    WITH    0  49  GAL     SLOW-CURING   OIL    A 

E  KPERIMI   ■ 


ExPERIMENT-4      SECTION  - 
CONSTRUCTION 


STA      400 

410 

4  20 

Mi*ED  BASE] 

SLO-A 

B 

PRIME         , 

■ 

SEAL         | 

COVER         ] 

430 

440 

J  SO 

4S2 

3- 

Nt    H,      I.I  _ 

VG     2  50  GALLONS    SLOW-CURING   OIL    C 

NONE 

NONE 

RE-TRE* 

TMENTS 

JULT 

1927 

DEC 

1927 

DEC 

1928 

WITH     i  03  GALS                                  REMIXED    WITH     o   54   GAL 
SLOW-CURING   O'L    A 

OCT 

1929 

APR 

1930 

193  I 

1  07  GALS 

SLOW-GUI'    '■ 

' 

REMI>  ED   WIT  H    1  07  GALS 
SLOW-CURING    OIL    A 

JUNE 

1934 

•^-REMIXED   WITH    3^   SANO 
2  72  GALS    5L0W- CURING    OIL   A 

RETREATMENTS 

REMIXED     WITH     0.83  GAL      SLO'J 

V-  CURING    OIL  C 

4          RESURFACED  WITH     j£   SAND 
/                  J     and  2  72  GALS   SLOW    CURING    OIL    «           ' 

REMIXED   WITH    1.07  GALS 
-     CURING  OIL   A 

^-REMIXED   «'TH    1  07  GALS 
SLOW -CURING   OIL  A 

EXPERIMENT-  4      SEC! 
CONSTRUCTION 
460  470 


ExPERIMENT-5      SECTION -A 
CONSTRUCTION 


ING     3.02  GA 


4  80                                      485                                      4  90 

495 

500 

503 

2-INCH,USiNC  2  40  GALLONS     85  -  180  PENE  TR  ATION   ASPHA 

LT    d*UT    BACK 

vi  I  m    r 

APHTHA 

SURFACE    ENRICHMENT  -  0  42  GALLON     SLOW-CURING   OIL   E 

TREATED     TOPSOIL 

JULT  1927 

DEC.     1927 

DEC      1928 

;    ■ 

APR     1930 

1  '  ' 

REMIXED    WITH    0.87  GAL   SLOW -CURING   OIL    D 

MAY      193  1 

MAT     1932 

MAY      1933 

P  t  M 

XED  WITH    I.C 

7GALS    SLOW-CURING  £HL   A 

' 

REMIXED   with   1  07GALS. 
SLOW-CURING   OIL   A 

JUNE  1934 

■^RESURFACED   WITH   3^"  SAND 
AND  2  72  GALS    SLOW -CURING    OIL   A 

RE-TREATMENTS 

REMIXEO   WITH    1  2  5  GALS    85- 100  C  B       SEAL.O  38  GAL    BUOOCB   SO  LBS  I5  -  ~   STONE 

REMIXED   WITH   NO  OIL    ADDED       SEAL  ,  0-38  GAL.  8S-I00CB.    50LBS    1  ^  *  4    STONE 

Figure  2. — Chart  Showing  Construction  and  Character  of  Re-treatments  Applied  to  Experimental  Sections  2-G  to 

5-A,  Inclusive. 
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EXPERIMENT- 5      SECTION -B 
CONSTRUCTION 


EXPERIMENT -5      SECTION -G 
CONSTRUCTION 


5TA 

503                                                                     612                                                                         521 

530 

MIXED  BASE 

2-INCH, USING    2  20  GALLONS    85 -100  PENETRATION    ASPHALT   CUT   BACK  W 

TH 

NAPHTHA 

PRIME 

SURFACE  ENRICHMENT-0  40  GALLON    1  50-180  PENETRATION   ASPHALT   CUT   BACK  W 

TH 

NAPHTHA 

SEAL 

COVER 

TREATED    TOPSOIL 

S40                                                                             550 

556 

3-INCH,  USING    £.90  GALLONS   85-100  PENETRATION    ASPHALT    CUT  BACK   WITH   NAPHTHA 

SURFACE  ENRICHMENT-  0  42  GALLON    150  ■  190  PENETRATION  ASPHALT   CUT  BACK   WITH  NAPHTHA 

TREATED    TOPSOIL 

RE-TREATMENTS 


RE-TREATMENTS 


JULY    1927 

DEC.     1927 

DEC      1920 

OCT     1929 

APR      1930 

MAT     1931 

MAY     1932 

MAr     1933 

0  46  GAL  8  5  -100  C.B.  40  LBS     j-j"   STONE 

JUNE  1934 

0.46  GAL    85-100  C  B,     40  LBS   ■ 


EXPERIMENT'S      SECTlON-D 
CONSTRUCTION 


vlENT-6      SECTION- 
INSTRUCTION 


STA 

554 

560                                                                                     570 

580 

582 

!»«.  ^ 

NCH,USING    3.01    GALLONS    85 -100  PENET  RATION   ASPHALT   CUT    BACK 

viTh   NAPHTHA 

' 

1     NT-  0.42  GALI  ON     SLOW  CURING   OIL   E 

1 

J      COVER 

TREATED    TOPSOIL 

590 

6l?0 

610 

2-INCH,  USING 

2   72   GAL                                                                           1  r     TAR 

■     1  NRICHMENT  - 

0  27  GALLON      18-25  SPECIFIC    VISCOSITY     TAR 

1 

TREATED    TOPSOIL 

RE   TREATMENTS 

lULK     1927 

DEC       1927 

DEC       1928 

OCT      1929 

0.39GAL    8S-I00C.B     40   LBS     ~   -  y*    STONE 

APR      1930 

MAT      1931 

MAr      l$32 

MAY      1933 

0  46  GAL  65-100  C  B.  40  LBS      J"-  t"  STONE 

JUNE   193* 

RE-TREATMENTS 


0  36  GAL   35-50  SP.  ' 


IS     TAR      37LBS  j-  j  STONE 


EXPERIMENT -6      SECTION-B 
CONSTRUCTION 
620 


XPERIMENT-6      SeCTlON-C 
CONSTRUCTION 


MIXED  BASt 

.1  INCH, USING    3.72    GALLONS   18-25  SPECIFIC    VISCOSITY    TAR 

PRIME 

SURFACE  ENRICHMENT-   0-28  GALLON      18- 25  SPECIFIC    VISCOSITY   TAR 

SEAL 

COVER 

rRt  a rco    rop 

RE-TREATMENT5 


640 

f,    . 

680 

688 

2-INCH,  USING    2  75  GALLONS    18-25  SPECI 

IC   VISCOSITY    TAR 

- 

>C  VISCOSITY    TAR 

■ 

'IC  VISCOSITY    TAR 

6       ■       NDS  lj"-  z    STONE 

0  36  GAL    35-50  SP  VIS.  TAR,  37  LBS    ~-j    STONE 


0  36  GAL    3S-S0    SP  VIS    TAR,  3  7 


ExPERIMENT-b      SECT  ION -D 
CONSTRUCTION 


EXPERIMENT -6      SECTION -E 

CONSTRUCTION 


STA 

688  '.')0 

700 

7  10                                      720                                      730 

74  2 

MIXED  BASE 

2-INC 

H, USING    2  59  GALLONS     18- 25  SPECIFIC  VISCOSITY    TAR 

PRIME 

0  27  GALLON        18- 25  SPECIFIC  VISCOSITY   TAR 

SEAL 

0.35  0  ■■ 

COVER 

60POUNDS   lj"- i'STONE 

750                                       760                                         770                                       780 

T9Q 

794 

2-INCH. USING    18-25  SPECIFIC  VI  SCOSiT  Y    TAR,        GALLONS  PER   SQUARE   YARD     A< 

FOLLOW 

3  08 

••:■ 

• 

0  32  GALLON    HOT  TaR  {GRADE    2) 

60  POUNOS   \g-  j"STONE 

RE-TREATMENTS 


JULY   1927 

DEC.    1927 

DEC.    1928 

OCT.     1929 

APR.    1930 

MAY     1931 

0  36   GAL.  35-50  SP,  VIS.   TAR,  37   LBS    £"-$-    STONE 

MAY     1932 

MAY     1933 

JUNE  1934 

RE-TPLATMENTS 


036  GAL,.  35-50   SP  VIS.  TAR,  37  LBS    x'-j-'sTONE 


Figure  3.— Chart  Showing  Construction  and  Character  of  Re-treatments  Applied  to  Experimental  Sections  5-B  to 

6-E,  Inclusive. 
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EXPERIMENTS       SECTION 
C  O  N  S  T  r 


5TA 

794                800 

810                                       820                                      830 

B4b 

MIXED  BASE 

2-INCH,  USING    85 
2  18 

100  PENE  TRATION     ASPHALT    CUT     BACH     WITH    HAPhIha      I 

- 

PRIME 

0  2 

GALLON       85- 100  PENETRATION    ASPHALT    C  ■  1  T    BACH    WITH    N     1 

SEAL 

■      ■      ■ 

COVER 

. 

1 0  N  -  B 
CONST** 
890                                         910                                         910 

9S0 

r     '"fH    NAPHTHA 

■.'APHTHA 

PENETRATION   A  SI 

■ 

E-TRI 


0  42  CAL     I50-200CB     35LBS;; 


.  |  Mi  N  I  5 

j     /REM    ■  ■                  -    -.                uDDE    ■ 

>       JOl  B5     .-,   -   4   STONE 

0   32  Gal     85  -1 

I/O  40  GAL     ISO-   2 
|\35L8S     ?,   -    - 

I  XPFRlMEN  T  -7       5ECTI0N-C 
RUCTION 


STA 

9S0 

960 

980                                        990 

1000 

MIXED  BASE 

2-INCH.USING   2   16  GALLONS 

85- 100  PENETRATION    ASPHALT    CUT   BACK   with 

JAPHTHA 

PRIME 

SEAL 

0   50 

85 -100  PENE  TRATION    ASPHALT    LUT    BACH    with 

NOPHTHA 

COVER 

60  POUNDS    l£  -  ~  STONE 

■ 

1040 


NONE 

- 

100  C  B 

4- 

0  47&AL     8-I3SPECIFIC    V 

0  38  GALLOf 

30  PENETRATION   ASPHALT.    HOT 

■    i  -   -  _'(  ■■  rONE 

RE-TRF  AIM!  NTS 

juLr 

1927 

DEC 

1927 

DEC 

I92B 

OCT 

1929 

REMIXED,  NO  OIL    ADDED   SEAL,0  45GAL~)     | 

85-I00CB    45LBSl£-£   STONE               J    \ 

APR 

1930 

\/0.  56  GAL   85 -100  C  B 
\45  LBS    $'-   £  STONE 

MAY 

1931 

O32GAL-85-IO0CB     40  LBS     |  -  £   STONE 

MAY      I93Z 

MAY 

1933 

JUNE 

1934 

■   -ME.  NTS 


0  l\  GAL    85  -  100  C   B      SAND 

IL 

042GAL!50-200CB     AOLBS   |  -^     STONE 

0  87CAL     l50-200Ce\/ 
80  LBS    ^  -  ^  STONE  J 

0  32GAL    85-100  C   B 
40LBS    $'  -  ~  STONE 

Figure  4. — Chart  Showing   Construction  and   Character  of  Re-treatments  Applied  to   Experimental  Sections  7- A  to 

8,   Inclusive. 


'Fable  2.^Analyses  of  tars  used  in  construction  and  re-treatment  ■ 


Method  of  use 

Construction 

Re-treat- 

ment 

1927 

1931 

8-13  vis- 
cosity 

18-25  viscosity 

Grade  2 
(hot) 

15  .,m 

6   A.  B,  C,  D 
6-C,  D,  E 
6-A,  B 

E 

8 

Section  and  purpose  for  which  used  Surface  treatment  " 

6-D,  E 

6    \.  Ii,  C, 

D,  E 

29828 

Minimum 

values 

Maximum 
\  alues 

Average 
of  6 

29753 

36043 

Analyses: 
Specific  gravity,  25725"  C                                                                 . .                      -- 

1.  136 
10.9 

H  63 
3.  80 

.07 
1.50 

1 .  32 
5  68 
13.30 

9  './I 

«9.  12 

39  6 

1    152 
19.3 

93  39 

2.  66 

0 

1.50 

.89 

6.  in 
10.  10 

7.  39 
71.44 

45.8 

1   165 
26.  4 

1.  85 
.06 

1.80 

1.  15 

8  71 
11.  16 

8.  53 
73  63 

19  9 

I    158 
22.  3 

•j.'i    1  1 

3.  17 

02 

1.117 

1  02 

7.41 
in  64 

7.  86 
72.61 

47.6 

1.206 

"155 

91.51 

8   19 

0 

0 

0 

3.35 
6.  10 
6.  16 
83  95 
19  5 

1.151 

18.7 

Distillation,  A.  S.  T.  M.  D20-27T  (by  weight)— 

-170°  C ...... 

170°-235°  C   -    -               

235°-270°  C 

.  seconds. . 
..percent.- 
. .percent  . 
..percent.. 
-  ..percent-. 

- ..percent.- 
. percent.. 

.  ,  percent-. 

percent-. 

...  percent.. 

96.08 
3.  69 

.23 
0 

.37 
4.82 

10.54 
8.91 

75.  20 

°  C-. 

37.4 

'  Data  are  not  available  for  the  tar  of  25-35  viscosity  used  in  surface-treating  section  6-C. 
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Table   3. — Mechanical   analysis   of  mineral   aggregates    used   as 
cover  material 


ent  no — 

2 

2 

1,2,6,7,8 

8 

Pea 

gravel 

Sand 

Granite 

29558 

29557 

29630 

29631 

Retained  on — 

Percent 

Percent 

Percent 
4 
33 
73 
92 
98 

Pcrc»nt 

2 

:,i-inch  screen 

35 

1 
7 
41 
61 
70 
81 
87 
92 
93 
96 

68 

92 

No.  10  sieve - 

4 
29 
52 
74 
79 
85 
88 
94 

No.  40  sieve . - 

No.  50  sieve --.  -.-  .  .  -. 

No.  100  sieve 

No.  200  sieve 

factory,  after  which  the  mixture  was  respread  uniformly 
for  compaction  under  traffic.  Light  blading  was  con- 
tinued during  compaction  to  obtain  a  smooth  surface. 
Some  difficulty  was  experienced  in  obtaining  uniform 
distribution  of  traffic  during  this  stage.  Fast-moving 
vehicles  tended  to  travel  in  the  center  only  and  slow- 
moving,  steel-tired  vehicles  traveled  along  the  edges 
where  the  wheels  cut  into  the  mixture  instead  of  com- 
pacting it.  Barriers  first  placed  in  the  center  of  the 
road  and  then  moved  transversely  at  intervals  success- 
fully divided  traffic  into  two  lanes,  causing  more  uniform 
compaction  of  each  half  of  the  road. 

For  the  two  sections  designed  for  machine  mainte- 
nance, this  concluded  the  construction  operation  except 
for  occasional  light  blading  to  retain  surface  smooth- 
ness. The  analyses  of  the  sand-clay  and  the  resulting 
bituminous  mixtures  are  given  in  tables  4  and  5. 

AMOUNTS   OF   BITUMINOUS   MATERIALS   NEEDED  IN   MIXTURES 
WERE  ESTIMATED 

The  remainder  of  the  experimental  sections  were 
designed  for  patrol  maintenance  and  were  provided 
with  wear-resisting  surfaces  obtained  by  two  methods. 
One  method  was  to  enrich  the  surface  portion  of  the 
mixed  base  by  a  light  application  of  bitumen  covered 
immediately  with  bituminous-treated  soil  previously 
windrowed  to  the  sides  of  the  road.  The  other  method 
was  to  surface-treat  the  mixed  base  with  bitumen  and 
aggregate  cover.  This  suiface  treatment  was  placed 
after  allowing  the  base  a  period  of  time  in  which  to 
become  firm  and  smooth;  the  actual  time  varied  from 
3  or  4  days  to  a  month.  On  those  sections  on  which 
the  bitumen  used  in  the  surface  treatment  was  a  cold- 
application,  low-viscosity  material,  the  bitumen  was 
applied  directly  upon  the  smooth,  compacted,  mixed 
base  and  covered  immediately  with  the  selected  mineral 
cover  material.  Where  the  binding  material  was  a  hot 
application  or  a  fairly  viscous  cold-application  bitumen 
such  as  the  25-35  viscosity  tar,  the  mixed  base  was 
given  a  light  prime  with  the  same  type  of  bituminous 
material  that  was  used  in  the  mixed  base. 

The  mineral  cover  material  was  spread  by  hand 
from  piles  along  the  roadside  and  was  hand  broomed 
to  obtain  uniform  distribution.  Following  its  applica- 
tion the  surfaces  were  rolled  with  5-ton,  three-wheel 
rollers. 

After  a  few  days  under  traffic,  the  completed  sections 
varied  in  appearance,  depending  upon  the  air  tempera- 
ture and  the  materials  used.     All  of  the  tar  sections 


Table  4. — Analysis  of  road-bed  soil  used  in  mixed  base  construc- 
tion and  as  the  base  for  surface  treatment  of  experiment  8.  All 
are  group  A-2  or  AS  materials 


Stations 
repre- 
sented by 
sample 

Lab- 
ora- 
tory 
no. 

Mechanical  analysis 

Experi- 
ment no. 

Coarse 
sand 
2.0- 
0.25 

mm 

Fine 
sand 
0.25- 
0.05 
mm 

Silt 
0.05- 
0.005 
mm 

Clav 

0.005 
mm 

Remarks 

1-A 

1-B 

2-D 

2-F.     .. 
2-G 

5-B 

5-C _. 

6-A 

6-B 

6-C 

6-D 

6-E 

7    A 

7-B.. 

7-C 

8 

I         7-12 

1             18 

115 

228 

290 

310 

f    515-520 

\     503-530 

530-556 

582-610 

610-636 

636-688 

688-742 

|     742-755 

755-768 

{     762-767 

768-781 

1     781-794 

f     794-807 

1     807-820 

|     820-833 

1     833-846 

[    846-872 

1     872-898 

1     898-924 

1     f 24-950 

f    950-975 

1     97.5-1000 

f  1000-1025 

1   1015-1020 

1025-1050 

1  1050-1087 

2884 

2885 
3140 
3143 
3141 
3142 
3515 
3517 
3516 
3684 
3685 
3686 
3687 
3676 
3677 
3568 
3678 
3679 
3680 
3681 
3682 
3683 
3567 
3688 
3689 
3569 
3572 
3573 
3574 
3575 
3576 
3577 

Pet. 

17 

14 
29 
21 
16 
9 
6 
5 
4 
5 
8 
5 
4 
4 
4 
8 
4 
4 
e 

5 

5 

6 

6 

4 

4 

8 

10 

13 

26 

19 

36 

45 

Pet. 
70 

65 
56 
52 
75 
82 
86 
88 
77 
75 
67 
66 
75 
80 
80 
70 
82 
84 
81 
81 
78 
77 
76 
86 
85 
77 
71 
69 
58 
68 
42 
38 

Pet. 
6 

9 
6 
8 
3 
2 
2 
2 
9 
8 
13 
16 
9 
8 
6 
8 
6 
5 
5 
6 
5 
7 
4 
5 
4 
5 
9 
6 
6 
6 
12 
11 

Pet. 

7 

12 

9 
19 
6 
7 
6 
5 
10 
12 
12 
13 
12 
8 
10 
14 
8 
7 
9 
8 
12 
10 
14 
5 
7 
10 
10 
12 
10 
7 
10 
6 

Sandier  portion  of  sec- 
tion. 
Average  composition. 

Do. 
Clay  area. 
Sandy  area. 

Do. 

Do. 
Average  composition . 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
Do. 

Average- 

11 

73 

7 

9 

bled  freely  from  the  start  and  within  a  few  days  gave 
the  appearance  of  having  been  in  service  for  some  time. 
The  sections  on  which  hot  asphalt  was  used  did  not 
bleed  so  markedly  and  retained  a  loose,  uncompaeted 
appearance  for  a  longer  period.  One  exception  was 
the  first  experiment,  where  less  cover  stone  was  used 
and  so  much  bleeding  occurred  that  additional  cover 
stone  was  required  to  prevent  the  mat  from  picking  up 
under  traffic.  The  cold-application  asphalt,  which  was 
a  cut-back  material,  readily  coated  the  stone  cover 
which  took  on  a  dark  appearance  within  a  few  hours. 

Experiment  8. was  a  double  surface  treatment  applied 
directly  to  the  untreated  soil  surface.  The  roadbed 
soil  of  this  section,  like  that  of  the  others,  varied  con- 
siderably in  composition  and  degree  of  bond.  Prior  to 
applying  the  treatment  the  surface  was  swept  to  remove 
excess  loose  material.  Depressions  were  filled  with 
stone  before  the  bitumen  was  applied.  The  prime  was 
applied  and  allowed  to  dry  for  4  to  6  days  during  which 
time  traffic  was  detoured.  The  hot-application  ma- 
terial was  then  spread,  immediately  covered  with 
crushed  stone,  and  lightly  rolled. 

In  planning  the  experiments,  the  amounts  of  bitumi- 
nous materials  believed  neces&ary  were  estimated,  as 
little  information  upon  which  to  design  the  mixtures 
was  available  at  the  time.  During  the  initial  construc- 
tion it  became  apparent  that  the  estimated  quantities 
were  too  low  and  they  were  increased.  The  quantity 
used  varied  with  the  character  of  the  soil  encounterec: 
in  the  different  sections.  In  sections  6-E  and  7-A 
however,  the  amounts  used  were  varied  intentional  [\ 
to  study  the  effect  of  such  variation  on  service  behavior 

No  particular  difficulty  was  encountered  in  the  mixing 
operation.     All    of    the    bituminous    materials    wen 
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II'KK   ."«.        Kxi'ERIMENT  7-B  AT  STATION  898  DURING  AND  AFTER  CONSTRUCTION.       A,   LOOSENED   ROADBED  PRIOR  TO  APPLYING 

Bitumen;  B,  Mixed  Base  Completed  and  Ready  for  Surface  Treatment;  C,  Surface  Treatment  Completed,  Road 
Ready  for  Traffic;  D,  Appearance  of  Road  4  Years  After  Construction  and  0  Months  After  the  Only  Surface 
Treatment  It   Has  Received. 


■:':. 


Figure  6.--Appearance  of  Experiment  7-B  at  Station  898 
Seven  Years  After  Construction  and  3  Years  After  the 
Only  Surface  Treatment  It  Has  Received. 

wanned  to  obtain  uniform  distribution.  Mixing  was 
carried  out  promptly  to  insure  thorough  and  uniform 
coating  of  all  particles  before  the  volatile  constituents 
of  the  bitumen  should  be  dissipated.  However,  no 
difficulty  was  experienced  in  this  respect  and  ample  time 
was  available  for  mixing  and  spreading  the  mixture, 
even  when  rainy  weather  temporarily  interrupted  the 
mixing  operation  or  made  additional  manipulation 
necessary  for  drying  the  mixture. 

The  methods  of  construction  just  described  are  in 
common  usage  today  and  need  no  further  explanation. 


Figures  5  and  6,  views  taken  at  station  898  on  experi- 
ment 7-B,  illustrate  the  appearance  of  the  road  during 
its  transition  from  an  unimproved  to  an  improved 
structure. 

SURFACE   ROUGHNESS   CAUSED   MAINLY   BY    UNSTABLE  SUBGRADE 

The  costs  of  constructing  the  various  experimental 
sections  are  given  in  table  6  together  with  the  annual 
costs,  which  include  re-treatments  and  maintenance  of 
the  bituminous  mats  but  do  not  include  any  other 
maintenance  costs. 

The  early  behavior  of  the.  different  experimental  sec- 
tions varied  considerably  as  might  be  expected,  but 
without  exception,  was  a  decided  improvement  over 
that  of  the  untreated  surface  at  its  best.  The  dust 
nuisance  was  eliminated;  traffic  capacity  was  increased; 
riding  qualities  were  greatly  improved;  there  had  been 
provided  an  all-weather  surface  which,  with  reasonable 
care,  was  satisfactorily  maintained;  and  if  necessary 
the  road  could  have  been  economically  bettered  to  meet 
increased  demands,  utilizing  to  a  great  extent  the 
original  investment. 

Almost  simultaneously  with  the  completion  of  the 
sections,  a  number  of  failures  demonstrated  various 
weaknesses.  The  most  outstanding  unsatisfactory 
feature  was  surface  roughness  which,  compared  with 
that  of  the  old  road,  was  negligible  but  compared  with 
that  of  the  new  surfaces  in  general,  was  very  pro- 
nounced. While  much  of  the  roughness  resulted  from 
subgrade  movement,  other  causes  brought   about  the 
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Figure  7. — A,  Failure  of  Surface  Treatment  on  Experi- 
ment 5-D,  Which  Was  Constructed  by  Enriching  the  Top 
Portion  of  the  Mixed  Mat  with  Slow-Curing  Oil.  B, 
Appearance  of  Experiment  5-A  Shortly  After  Construc- 
tion. Its  Surface,  Which  Was  Enriched  With  Slow- 
Curing  Oil,  Scaled  and  Pot-Holed.  The  Base,  Which 
Was  Poorly  Drained,  Became  Very  Unstable. 

same  result.  One  of  these  was  surface  enrichment  of 
the  mixed  mats  designed  to  carry  traffic  without 
additional  surface  treatment  or  the  use  of  coarse  cover 
material.  The  upper  portion  of  the  mat  peeled  off  to 
about  the  depth  of  enrichment,  resulting-  in  a  rough, 
pot-holed  surface.  This  condition,  illustrated  in  figure 
7,  was  eventually  eliminated  by  a  re-treatment  in  which 
a  stone  cover  was  used. 

Another  cause  of  roughness  was  the  instability  of  the 
mixed  base  itself  due  to  an  improper  combination  of 
bituminous  material  and  sand-clay.  In  some  cases  the 
amount  of  bituminous  material  used  was  apparently 
incorrect  for  an  entire  section;  in  others  it  was  appar- 
ently correct  for  the  major  portion  of  the  section  but 
unsatisfactory  for  other  portions  because  of  variations 
in  the  sand-clay  within  the  section.  Tables  4,  5,  and 
7  indicate  the  wide  variations  in  grading,  not  only 
among  the  sections  but  within  a  given  section,  which 
made  it  practically  impossible  to  design  a  uniformly 
satisfactory  mixture  and  would  have  made  it  impossible 
to  have  applied  an  empirical  proportioning  formula  had 
such  a  formula  been  available  at  the  time. 

The  bitumen  content  of  the  mixed  bases,  as  deter- 
mined by  extraction  tests,  varied  considerably.  While 
the  resulting  mixtures  are  probably  lean  and  might  be 
unable  to  withstand  traffic  without  a  protective  cover- 
ing, increased  stability  has  probably  been  obtained 
with  the  result  that  there  has  been  less  movement  of 
the  mat  than  would  have  occurred  had  tlie  mixture 
been  richer. 

The  most  important  factor  contributing  to  roughness 
during  most  of  the  life  of  the  road  has  been  the  subgrade, 
which  is  extremely  variable  in  composition  and,  in  some 
locations,  is  very  poorly  drained.     Settlement  occurred 
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Figure  S. — Incipient  Pot-Holing,  Which  Was  Characteris- 
tic of  Portions  of  Experiment  4. 

in  some  areas  that  had  appeared  stable  prior  to  con- 
structing the  bituminous  mats.  Investigation  disclosed 
that  the  subgrade  in  such  areas  was  extremely  wet  and 
plastic  while  material  less  than  a  foot  outside  of  the 
bituminous  mat  was  firm  and  relatively  dry.  The  mat 
apparently  prevented  surface  evaporation  and  permitted 
the  subgrade  to  acquire  and  retain  sufficient  moisture 
to  destroy  its  stability.  Obviously,  the  composition 
could  not  be  changed  after  construction  but  considerable 
effort  has  been  expended  to  provide  artificial  drainage. 
The  groundwater  level  in  many  cases  is  so  high  that  the 
maximum  benefit  derived  by  the  construction  of  side 
ditches  is  to  provide  a  relatively  shallow  depth  of 
drained  base  which,  because  of  its  composition,  is  vari- 
able in  load  supporting  capacity. 

Two  other  factors  contributing  to  surface  roughness 
were  ordinary  pot-holing  and  edge  failure.  The  former, 
illustrated  in  figure  8,  appeared  in  the  sections  designed 
for  machine  maintenance  and  was  caused  primarily  by 
a  lack  of  bituminous  material.  The  latter  type  of  fail- 
ure appeared  in  varying  degrees  in  most  of  the  sections 
but  was  more  pronounced  on  those  in  which  fine  grained 
or  no  cover  materials  were  used.  On  such  sections, 
steel-tired  vehicles  damaged  the  edges  as  illustrated  in 
figure  9. 

CONSTRUCTION    AND    RE-TREATMENT    OF    EACH    EXPERIMENTAL 
SECTION  DESCRIBED  IN  DETAIL 

Another  unsatisfactory  and  unsightly  condition  de- 
veloped— bleeding  or  flushing  of  bitumen  to  the  surface. 
This  condition,  which  highway  engineers  are  still  striv- 
ing to  eliminate,  appeared  wherever  the  base  became 
softened  by  an  excess  of  bitumen,  moisture,  or  clay,  or 
a  combination  of  these  in  an  amount  sufficient  to  permit 
the  cover  material  to  become  embedded  in  the  mixed 
bituminous  base  or  in  the  sand-clay  base.  Where  the 
bases  were  not  thus  softened  and  the  cover  material 
remained  on  the  surface,  bleeding  did  not  occur. 

Samples  were  taken  7  years  after  construction  from 
areas  representing  various  typical  conditions.  Analyses 
of  subgrades  and  bituminous  mats  were  made  and  are 
given  in  table  7  together  with  a  description  of  the  area 
represented  at  the  time  samples  were  taken. 

Experiment  1,  extending  from  station  0  to  station  150, 
had  a  2-inch  mixed  base  of  sand-clay  and  cut-back 
asphalt.  It  was  primed  with  cut-back,  sealed  with  hot 
asphalt,  and  covered  with  crushed  stone. 
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This  experimental  section,  which  began  at  the  north- 
west city  limits  of  Conway  and  extended  3  miles  north- 
west, was  divided  into  sections  A  and  B,  which  differed 
only  in  the  cut-back  asphalt  used  in  the  mixed  base 
and  prime  application.  On  section  A  this  bituminous 
material  was  a  cut-back  of  150  to  180  penetration 
asphalt  and  on  section  B  a  cut-back  of  85  to  LOO 
penetration  asphalt  was  used. 

As  shown  in  table  4,  samples  of  the  sand-clay  taken 
from  various  places  on  the  experimental  section  showed 
considerable  variation  in  composition.  Many  areas 
were  low  and  poorly  drained,  as  artificial  drainage  was 
not  provided  until  later. 

This  was  the  first  experimental  section  built  and 
almost  immediately  after  construction  it  was  apparent 
that  the  bitumen  content  of  the  base  was  too  low. 
Although  surface-treated  with  hot  asphalt  and  stone, 
the  edges  soon  crumbled  and  broke  badly,  necessitat- 
ing an  additional  treatment  for  a  width  of  a  few  feet 
at  the  edges.  Early  movement  of  the  mat  resulted  in 
a  rough  riding  surface  which  has  been,  in  general, 
characteristic  of  a  considerable  portion  of  this  experi- 
mental section.  To  eliminate  some  of  this  roughness 
a  500-foot  length  at  the  west  end  of  section  B  was 
given  a  re-treatment  in  July  1927.  This  treatment 
added  to  the  surface  smoothness  considerably  but  shov- 
ing later  developed  at  the  extreme  west  end  of  the 
section  due  to  unsatisfactory  drainage  conditions. 

Since  construction  section  A  has  received  four  com- 
plete and  two  partial  re-treatments  while  section  B 
was  given  two  complete  and  two  partial  re-treatments 
exclusive  of  the  500-foot  length  re-treated  as  a  part  of 
its  original  construction.  These  re-treatments  were 
applied  primarily  to  seal  cracks  which  had  developed 
and  to  eliminate  surface  roughness. 

During  this  same  period  considerable  effort  was  made 
to  provide  drainage  by  the  construction  and  mainte- 
nance of  deep  side  ditches  and  by  the  installation  of 
French  drains.  As  a  routine  maintenance  measure, 
badly  shoved  areas  were  repaired  by  removing  the 
unstable  material  below  the  base,  placing  stone-filled 
trench  drains,  refilling  with  satisfactory  base  material 
such  as  cinders  or  coarse  crushed  stone,  and  then 
replacing  the  bituminous  mixtures  or  using  bitumin- 
ous-coated stone.  On  many  areas  the  result  of  such 
repair  was  a  smooth  surface  which  continued  in  good 
condition,  but  on  other  portions  of  the  section  identical 
repairs  had  to  be  made  at  intervals,  especially  on  the 
low  side  of  curved  areas. 

Prior  to  applying  the  re-treatment  in  May  1933, 
considerable  effort  had  been  made  to  remove  all  rough 
areas  caused  by  subgrade  movement.  This  treatment, 
consisting  of  0.65  gallon  of  85  to  100  cut-back  and  60 
pounds  of  %-  to  %-inch  stone  per  square  yard,  was  the 
heaviest  treatment  applied  and  contained  sufficient 
materials  to  produce  a  mat  of  appreciable  thickness. 
The  section  at  first  appeared  to  have  been  greatly 
improved  by  this  treatment,  but  by  the  following  spring 
those  areas  on  which  the  subgrade  had  previously 
been  troublesome  again  developed  excessive  roughness, 
shoved  considerably,  and  required  much  additional 
maintenance.  Figure  10  illustrates  an  excellent  as 
well  as  an  unsatisfactory  area  typical  of  the  section  in 
February  1934. 

The  slight  variation  in  type  of  bituminous  materials 
used  in  the  mixed  bases  of  sections  A  and  B  was  at  no 
time  reflected  in  their  behavior.  There  was  no  greater 
variation  in  behavior  between  the  sections  than  within 


Figure  9. — Steel-Tired  Vehicles  Were  Especially  De- 
structive to  the  Edges  of  the  Sections  of  Experiments 
2  and  5,  Which  Had  Not  Received  Adequate  Surface 
Treatment.  Arrows  Indicate  Original  Edge  of  the 
Mat. 

portions  of  each  section.  Construction  and  average 
annual  maintenance  costs  oi  this  experiment  are  shown 
in  table  8. 

PERFORMANCE  OF   EXPERIMENT  2  AFFECTED   BY  SUBGRADE   AND 
DRAINAGE  CONDITIONS 

Experiment  2,  extending  from  station  150  to  station 
350,  had  a  2-inch  mixed  base  of  sand-clay  and  cut-back 
asphalt  which  was  sealed  with  cut-back  asphalt  and 
covered  with  crushed  stone,  gravel,  or  sand. 

Experiment  2  was  divided  into  three  groups  of  three 
sections  each.  They  were  constructed  indentically 
except  that  the  cut-back  asphalt  differed  in  each  group 
and  also  that  in  each  group  one  section  was  covered 
with  V/i-  to  %-inch  crushed  stone;  one  was  covered 
with  pea  gravel;  and  one  was  covered  with  sand.  The 
cut-backs  used  were  made  of  85  to  100,  100  to  120,  and 
150  to  180  penetration  asphalts. 

As  in  the  case  of  experiment  1 ,  subgrade  and  drainage 
conditions  in  this  experimental  section  were  exceedingly 
variable.  Each  section  had  sandy  areas,  areas  high  in 
clay  content,  poorly  drained  areas,  and  areas  fairly 
well  drained.  Sections  A,  E,  F,  and  G,  however,  had 
somewhat  better  natural  drainage  than  the  other  five 
sections  of  this  experiment. 

Rainy  weather  encountered  during  base  construction 
necessitated  a  considerable  amount  of  manipulation  for 
drying  as  well  as  for  mixing  the  base  materials.  The 
seal  treatment  was  applied  directly  to  the  mixed  bases 
after  they  had  been  subjected  to  traffic  for  periods  rang- 
ing from  4  to  30  days.     On  each  section  the  bituminous 
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Figure  10. — Typical  Views  of  Satisfactory  and  Unsatis- 
factory Portions  of  Experiment  1,  Seven  Years  After 
Construction.  Analyses  of  Subgrades  from  These 
Areas  Are  Given  in  Table  7.  A,  at  Station  145  of  Ex- 
periment 1-B.  B,  at  Station  G3  of  Experiment  1-A; 
Failure  Caused  by  Plastic  Subgrade. 

Table  8. — Construction  and  average  annual  maintenance  costs  per 
square  yard  for  experiment  I 


i  lonstruction  costs 

\  \  eragc 

Section 

Bitu- 
minous 
material 

Stone 
cover 

Laboi 

and 
equip- 
ment 

Total 

annual 
mainte- 
nance 
cos  1 

v 

( v  nts 
IT.  16 
li,  96 

<  't  nts 
7.64 
7.  65 

Ct  III* 

8  96 
7.61 

( '(  nts 
33.  76 
32.  22 

(  i  iii.- 
10  36 

H_.    

material  used  in  the  seal  was  the  same  as  that  used  in 
the  mixed  base.  Crushed  granite,  V/4-  to  %-inch,  was 
the  cover  material  for  sections  A,  F,  and  G;  pea  gravel 
was  used  on  sections  B,  E,  and  li;  and  a  local  sand  was 
used  on  sections  O,  D,  and  T. 

One  month  after  construction,  section  H  had  broken 
up  to  such  an  extent  that  it  was  necessary  to  remix  it 
with  additional  bitumen  and  reseal  it.  Other  sections 
of  experiment  2  exhibited  various  defects  which  were 
not  of  sufficient  proportion  to  warrant  reconstruction. 

Tn  December  1927  experiment  2  was  re-treated  with 
the  same  types  of  bituminous  and  cover  materials  that 
were  used  in  construction  except  that  sand  instead  of 
stone  cover  was  used  on  section  A.  In  addition,  sec- 
tions G,  H,  and  I  were  remixed  with  additional  bitu- 
minous material  prior  to  applying  the  re-treatment. 
Since  1927  the  stone-covered  sections  have  received  only 
one  re-treatment:  Section  A  in  1933  ;  and  sections  F  and 
G  in  1931. 


Of  the  gravel-covered  sections  (B,  E,  and  H)  section 
E  continued  the  most  satisfactory,  the  re-treatments 
having  been  limited  to  a  treatment  of  the  last  950  feet 
of  the  section  in  1930  and  to  the  entire  section  in  1932. 
Section  H  was  re-treated  in  1928,  1930,  and  1933  and  in 
each  treatment  stone  cover  was  used  instead  of  pea 
gravel.  Section  B,  still  maintained  as  a  pea-gravel 
covered  section,  was  re-treated  in  its  entirety  in  1928, 
1931,  and  1934  and  approximately  half  its  area  was  re- 
mixed and  re-treated  in  1929. 

The  sand-covered  sections  C,  D,  and  I  soon  became 
rough,  pot-holed,  and  unstable,  and  their  edges  raveled 
under  steel-tired  vehicles.  Sand  was  used  as  the  cover 
material  in  the  re-treatment  of  the  entire  experiment 
in  1927  and  to  cover  section  C  and  part  of  section  D, 
after  they  were  remixed  in  1928.  The  recurrence  of  sur- 
face failures,  however,  led  to  the  substitution  of  stone 
as  the  cover  material  in  the  subsequent  re-treatments 
applied  to  sections  C  and  D  in  1929,  1932,  and  1934  and 
io  section  I  in  1928,  1930,  and  1933. 

Figures  9-B  and  11-A  illustrate  the  unsatisfactory 
surface  conditions  that  existed  on  these  sections  during 
the  period  when  the  wearing  surfaces  were  composed  of 
sand  and  cold-application  bitumen.  They  also  illus- 
trate the  unsatisfactory  drainage  conditions  existing  at 
the  time  the  sections  were  built  and  during  their  early 
life. 

With  the  substitution  of  stone  as  the  cover  material 
and  with  the  construction  of  side  ditches  and  lateral 
drains,  the  unsatisfactory  behavior  was  largely  elimi- 
nated and  the  service  behavior  of  the  sections  became 
comparable  to  that  of  the  other  sections  of  this 
experiment. 

Construction  and  maintenance  costs  of  this  experi- 
ment per  square  yard  are  shown  in  table  9. 

Table    it.-    Construction    and   average   annual   maintenance   costs 
per  square  yard  for  experiment  2 


i  ovei 

Construction  costs 

\\  er 

Section 

Bitu- 
mi- 
nous 
ma- 
terial 

Cover 
mate- 
rial 

Labor, 
supplies 

and 
equip- 
ment 

Total 

age  an- 
nual 
main- 
tenance 
costs 

A 

Stone 

Cents 

23.18 
21.83 
24.82 
25.22 
'27.  26 
23. 57 
26.19 
30.17 
23.28 

Cents 

6.72 

2.59 

.20 

.  22 

2.59 

6.72 

7.45 

i  1.  55 

.18 

Cents 
5.21 
5.75 
9.50 

11.62 
5.  r,c, 
li.  77 

11.82 
9.89 

12.25 

(  '(  Ills 

35.  1 1 
30.17 
34.  52 
37.  06 
35.51 
37.  06 
45.  46 
44.61 
35.71 

<  i  nts 
1.09 

B... 

Gravel .-  ._ 

Sand 

do 

10.65 

C 

D 

15.00 
10.  64 

E 

Gravel 

Stone 

do 

Gravel.   ..  -   . 

4.  11 

F 

(1 
II 

4  23 
7.28 
10.41 

I 

Sand 

9.09 

1  Includes  2  applications  of  gravel  cover,  the  first  of  which  was  incorporated  into  1  he 
mixture  when  the  section  was  reconstructed  1  month  after  original  construction. 

SURFACE  CRACKS  DID  NOT  IMPAIR  EXPERIMENT  3 

Experiment  3,  extending  from  station  350  to  station 
400,  had  a,  2-inch  mixed  base  of  sand-clay  and  slow- 
curing  oil  A.  Its  surface  was  enriched  with  oil  A  and 
covered  with  bitumen-coated  sand-clay. 

This  experiment,  approximately  1  mile  in  length,  was 
one  of  the  sections  in  which  a  slow-curing  oil  was  used 
and  was  designed  for  machine  maintenance. 

On  this  experiment  the  subgrade  and  drainage  were 
somewhat  better  than  on  the  two  preceding  experi- 
mental sections,  except  for  a  short  portion,  in  the  vicin- 
ity of  station  3(55,  which  lay  in  a  swampy  area. 
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During  construction  a  severe  storm  interrupted  the 
mixing  operation  and  the  heavy  rainfall  washed  a  con- 
siderable but  undetermined  amount  of  oil  into  the  side 
ditches.  When  mixing  had  been  completed  the  surface 
did  not  bond  and  the  quantity  of  oil,  with  which  it  was 
planned  to  enrich  the  top  portion  of  the  mat  by  pene- 
tration, was  increased  to  0.65  gallon  per  square  yard. 
This  application  was  covered  with  oil-treated  sand- 
clay.  Except  for  occasional  light  blading  to  retain 
surface  smoothness,  this  completed  the  construction  of 
the  section. 

In  general,  the  behavior  of  experiment  3  during  the 
period  covered  by  this  report  has  been  good.  It  has 
been  scarified  and  remixed  three  times  since  construc- 
tion. In  two  of  these  remixing  operations,  those  of 
1928  and  1933,  oil  was  added,  but  the  remixing  in  1929 
was  done  primarily  to  eliminate  instability  which  had 
developed  in  the  bituminous  mat  due  to  excess  moisture. 

The  section  was  similar  to  a  sheet  asphalt  pavement 
in  texture  but  its  color  was  brown  and  it  had  acquired 
a  somewhat  glazed  surface  under  traffic.  The  major 
portion  of  this  experiment  remained  fairly  smooth  but 
three  relatively  small  areas  continued  rough  and 
spongy  as  if  excessively  rich  in  bitumen.  However, 
an  unstable  base,  poor  drainage,  and  the  presence  of 
water  was  the  cause  of  instability  rather  than  excessive 
bitumen.  Practically  all  of  the  experimental  section 
was  covered  with  tine  hair  cracks  throughout  most  of 
its  life.  Except  in  the  areas  more  greatly  affected  by 
moisture,  this  cracking  apparently  had  not  seriouslv 
affected  the  behavior  of  the  section.  Figure  11-B 
illustrates  the  most  advanced  stage  of  cracking  which, 
although  unsightly,  did  not  progress  to  the  stage  of 
disintegration. 

Although  designed  for  machine  maintenance,  the 
surface  eventually  crusted  so  that  dragging  for  surface 
smoothness  was  not  practical  and  depressions  were 
usually  filled  with  premixed  material.  High  spots 
were  easily  cut  with  a  blade  but  the  material  so  re- 
moved was  whipped  from  the  surface  by  traffic  rather 
than  compacted  into  the  low  spots. 

The  cost  per  square  yard  of  constructing  this  experi- 
ment was  as  follows: 

(  '('Ills 

Bituminous  material 17.  78 

Labor,  supplies,  and  equipment . 5.  26 

Total -S.',.  01 

The  average  annual  maintenance  cost  was  5.19 
cents  per  square  yard. 

In  the  period  subsequent  to  that  covered  by  this 
report,  an  unsatisfactory  condition  developed  that 
seriously  affected  the  service  record  of  experiment  3. 
The  surface  glaze,  previously  referred  to,  became  very 
pronounced  in  the  intervals  during  which  the  surface 
was  not  disturbed  by  machining  or  remixing.  The 
glazed  surface  became  very  slippery  in  wet  weather 
and  so  dangerous  to  traffic  that  the  highway  depart- 
ment, in  193^5,  applied  a  surface  treatment  of  cut-back 
asphalt  and  stone. 

ORIGINAL  CONSTRUCTION  ON  EXPERIMENT  I   1JECAME  HARD  AND 
BRITTLE.  REQUIRING  RE-TREATMENT 

Experiment  4,  extending  from  station  400  to  station 
477,  had  a  3-inch  mixed  mat  of  sand-clay  and  slow- 
curing  oils,  B,  C,  and  D. 

Experiment  4  also  was  designed  for  machine  main- 
tenance and  its  construction  was  similar  to  that  of 
experiment  3  except  that  all  of  the  bitumen  applied 


%/ 


Figure  11. — Inadeqi  vu;  Drainage  Contributed  to  Base 
Failure  on  These  Experimental  Sections.  A,  Both 
Base  and  Surface  Failed  on  Experiment  2,  Sections  C 
and  D.  Sand  Was  Used  With  a  Cold-Application  Ma- 
terial for  Surface  Treatment,  Resulting  in  a  Rich, 
Plastic  Mixture.  B,  Badly  Cracked  Area  on  Experi- 
ment 3,  Caused  by  a  Plastic  Subgrade. 

was  mixed  with  sand-clay  to  form  the  mat.  The  ex- 
periment was  divided  into  three  sections  which  differed 
only  in  the  kind  of  oil  used. 

Subgrade  and  drainage  conditions  were  quite  variable 
in  each  of  the  sections  but  were  somewhat  better  in 
section  C  than  in  sections  A  and  B.  Portions  of  sec- 
tions A  and  B  lay  in  low,  swampy  areas  where  the 
ground  water  level  was  very  close  to  the  elevation  of  the 
load  surface.  The  character  of  the  sand-clay  was 
exceedingly  variable.  At  some  time  prior  to  construc- 
tion of  the  experimental  sections,  clay  had  been  used 
where  needed  to  till  holes.  Apparently,  no  attempt 
had  been  made  to  mix  the  clay  with  the  material  already 
in  the  road,  consequently  the  base  and  the  sand-clay  in 
the  mixed  mat  ranged  from  very  sandy  mixtures  to 
mixtures  high  in  clay  content.  Tliis  was  especially 
true  of  the  west  portion  of  section  B  and  the  east 
portion  of  section  ('. 

When  the  sections  had  been  laid  down  and  compacted 
under  traffic,  they  were  similar  in  appearance  to  experi- 
ment 3  except  that  the  glaze  was  more  pronounced  and, 
in  general,  they  appeared  harder  and  less  malleable. 
Material  loosened  by  dragging  or  light  blading  did  not 
readily  rebond  but  was  dissipated  by  traffic. 

The  first  remixing  was  done  to  section  A  in  1928. 
The  east  600  feet  were  not  remixed,  as  that  portion  of 
the  section  was  in  excellent  condition.  The  next  1, 000- 
foot  portion,  which  had  become  rutted  through  the 
swampy  area  and  also  was  badly  pot-holed  elsewhere, 
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was  scarified  and  remixed  with  approximately  1  gallon 
of  oil  A  per  square  yard.  The  remaining  1,000-foot 
portion  on  the  west  end  of  the  section  appeared  hard, 
firm,  and  only  slightly  pot-holed  but  had  a  decided 
tendency  to  dust  under  traffic.  It  was  decided  to 
experiment  by  lightly  scarifying  the  top  portion  of  this 
area,  and  adding  about  one-half  gallon  of  oil  A  per 
square  yard,  which,  with  a  small  amount  of  sand-clay 
brought  in  from  the  sides,  formed  a  thin  new  wearing 
surface  for  the  old  mat.  The  plan  was  successful  as  the 
new  material  bonded  readily  to  the  old  mat  and  dusting 
under  traffic  stopped. 

Sections  B  and  C  were  first  remixed  in  1930  with 
approximately  0.8  gallon  of  oils  C  and  D  per  square 
yard,  respectively,  the  same  oils  as  were  used  in  the 
original  construction. 

All  three  sections  were  again  treated  in  1933.  It  was 
attempted  in  this  treatment  to  raise  the  grade  through 
the  swamp  on  section  A  and  to  elevate  the  outside 
edges  of  two  sharp  curves  on  sections  B  and  C.  On 
section  A  the  additional  sand  and  oil  added  to  raise 
the  grade  were  mixed  with  the  old  mat  which  had  been 
scarified.  The  curves  on  sections  B  and  C  were  ele- 
vated by  building  a  new  mat  on  top  of  the  old  one. 
The  remaining  portions  of  this  experiment  were  re- 
mixed with  additional  oil. 

The  remixing  operations  revealed  considerable  differ- 
ences in  the  character  of  the  mixture  on  experiment  3 
as  compared  with  experiment  4.  The  mat  on  experi- 
ment 4  broke  up  readily  and  required  only  a  small 
amount  of  harrowing  and  blading  to  reduce  it  to  a 
uniformly  fine  mass  which  did  not  appear  at  all  "alive". 
The  mat  of  experiment  3,  on  the  other  hand,  was  malle- 
able and  in  spite  of  considerable  harrowing  and  blading 
did  not  break  down  into  a  uniformly  divided  condition. 
Under  the  traffic  that  passed  while  the  work  was  being 
done  the  pulverized  material  on  experiment  4  com- 
pacted but  did  not  rebond,  while  that  on  experiment 
3  not  only  compacted  but  rebonded  to  such  an  extent 
that  additional  manipulation  was  necessary  before  the 
oil  was  added.  Upon  adding  the  oil  and  remixing, 
however,  the  scarified  portions  of  experiment  4,  in 
general,  compacted  and  bonded  very  much  better  than 
those  areas  on  which  a  new  mix  was  built  upon  the 
old  mat. 

On  those  portions  of  the  experimental  section  pre- 
viously referred  to  as  containing  considerable  clay, 
it  was  noted  that  within  a  few  days  after  the  mix 
had  been  relaid  small  areas  in  the  center  of  the  road 
were  cracked  and  raveling.  These  spots  and  the 
surrounding  areas  were  immediately  remixed  and 
relaid,  and  within  3  hours  under  traffic  the  same 
undesirable  features  reappeared  in.  the  same  locations. 
Upon  removing  the  mix  a  2-inch  layer  of  wet,  sticky 
clay  was  found  between  the  bituminous  mat  and  the 
sandy  base.  This  layer  of  clay  was  removed  from 
portions  of  these  areas  and  the  bituminous  mix  replaced. 
No  cracking  or  raveling  reappeared  and  the  small  areas 
thus  repaired  remained  in  excellent  condition.  The 
particular  locations  ol  these  areas  of  failure,  directly 
under  the  area  of  concentrated  traffic,  suggest  the 
possibility  of  movement  or  flow  of  clay  under  the 
vibrating  action  of  traffic.  It  appeared  most  practical 
not  to  attempt  to  remove  all  of  the  heavy  clay  deposi  t  s 
from  the  base  because  of  the  irregularity  of  their 
location  but  to  make  repairs  as  a  maintenance  measure 
when  and  where  necessary. 


The  construction  and  average  annual  maintenance 
costs  for  each  of  the  sections  of  this  experiment  are 
given  in  table  10. 

Table  10. — Construction  and  average  annual  maintenance  costs 
per  square  yard  for  experiment  4 


Construction  costs 

Average 

Section 

Bituminous 
material 

Labor,  sup- 
plies, and 
equipment 

Total 

annual 
mainte- 
nance 
costs 

A 

Cents 
23.78 
19.75 
23.86 

Cents 
4.64 
4.64 
4.64 

Cents 
28.42 
24.39 
28.50 

Cents 
5  62 

B 

6  84 

C. 

7  08 

A  slippery  surface  developed  on  experiment  4  similar 
to  that  which  developed  on  experiment  3,  and  at  the 
same  time.  The  same  remedial  measures  were  applied 
to  both  experimental  sections  at  the  same  time. 

STEEL-TIRED  VEHICLES  WERE  DESTRUCTIVE  TO  EDGES  OF 
EXPERIMENT  5 

Experiment  5,  extending  from  station  477  to  station 
582,  had  2-  and  3-inch  mixed  bases  of  sand-clay  and 
cut-back  asphalt.  The  surface  was  enriched  with 
slow-curing  oil  E  and  cutbacks,  and  was  covered  with 
bituminous-treated  soil. 

This  experiment  comprised  four  sections — -A,  B,  C, 
and  D.  The  mixed  bases  of  sections  A  and  B  were  2 
inches  thick  and  those  of  sections  C  and  D  were  3  inches 
thick. 

The  bases  were  mixed  with  85  to  100  penetration 
cut-back  asphalt,  spread  and  compacted  by  traffic. 
A  small  amount  of  the  mixed  base  was  windrowed  to 
the  sides  to  be  respread  after  the  surface  enrichment 
application  had  been  made.  The  bituminous  material 
used  for  this  purpose  on  sections  A  and  D  was  the 
slow-curing  oil  E,  similar  to  that  used  in  experiment 
4,  and  on  sections  B  and  C  it  was  a  150  to  180  pene- 
tration cut-back  asphalt.  Approximately  0.4  gallon 
per  square  yard  was  used  on  each  of  the  sections. 

The  subgradc  and  drainage  of  this  experiment,  while 
varying  somewhat,  were  better  than  on  the  preceding 
experimental  sections.  With  the  exception  of  part  of 
section  A,  good  natural  drainage  and  fairly  stable 
subgrade  were  characteristic  of  this  experimental  sec- 
tion. The  exception  was  approximately  the  center 
third  of  section  A,  which  lay  in  low  swampy  area  very 
difficult  to  drain.  Side  ditches  were  of  no  great  benefit 
as  they  quickly  filled  with  sand  and  silt  and  permitted 
surface  water  to  reach  almost  to  the  bituminous  mat. 
This  condition  is  illustrated  in  figure  7-B.  About 
1930,  however,  the  entire  swampy  area  was  drained 
and  the  ground-water  level  lowered  so  that  recently  there 
have  been  no  failures  directly  attributable  to  unstable 
subgrade. 

The  sections  immediately  after  construction  resem- 
bled a  sheet  asphalt  pavement,  with  sections  B  and  C 
appearing  more  substantial  than  sections  A  and  D. 
The  surfaces  of  sections  A  and  D  scaled  and  pot  holed 
badly,  section  D  more  so  than  A.  There  appeared  to 
be  little  bond  between  the  enriched  surface  portion  and 
the  relatively  lean  base,  as  the  surface  shoved,  peeled, 
and  pot-holed  to  the  approximate  depth  of  enrichment. 
This  type  of  failure  is  illustrated  in  figure  7-A. 

Sections  B  and  C  were  similar  in  appearance  and 
behavior.     While    pot-holing    and    surface    roughness 
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were  far  less  pronounced  than  on  sections  A  and  D, 
the  edges  of  the  mats  did  suffer  severely  under  steel- 
tired  vehicles  that  cut  through  the  mix  as  illustrated  in 
figure  9-A.  Considerable  early  maintenance,  con- 
sisting of  placing  new  mixture  along  the  edges,  was 
required  to  maintain  the  original  road  width. 

Section  A  developed  roughness,  pot-holed,  and  be- 
came unstable  due  to  what  was  thought  to  be  excessive 
richness.  By  December  1928  it  was  in  such  unsatis- 
factory condition  that  reconstruction  was  deemed 
advisable.  When  the  section  bad  been  scarified  and 
pulverized  it  was  evident  that  the  apparent  richness 
was  caused  primarily  by  moisture  and  not  by  excess 
bitumen.  One  and  one-quarter  gallons  per  square 
yard  of  85  to  100  penetration  cut-back  asphalt  were 
added  and  the  section  was  remixed.  After  compaction 
under  traffic  the  surface  was  sealed  with  0.38  gallon  per 
square  yard  of  the  same  type  of  cut  back,  covered  with 
50  pounds  per  square  yard  of  \yr  to  %-inch  stone,  and 
then  rolled.  Its  condition  prior  to  scarifying  and 
re- treating  is  illustrated  in  figure  7-B. 

By  the  fall  of  1929  the  section  had  again  become 
unstable  and  extremely  rough,  and  again  it  was  scarified 
and  remixed,  but  without  adding  bitumen.  It  was  then 
resealed  with  0.38  gallon  of  85  to  100  penetration  cut- 
back asphalt  and  50  pounds  of  \){-  to  %-inch  stone  per 
square  yard  and  rolled.  About  this  time  a  drainage 
ditch,  constructed  through  the  swamp,  removed  the 
water  from  the  surrounding  area  and,  with  the  side 
ditches  then  capable  of  handling  surface  water,  the 
subgrade  became  stable  and  has  so  remained.  Except 
for  a  rather  lean  surface  appearance,  the  section  in 
July  1934  was  in  better  condition  than  at  any  previous 
time. 

Section  D,  which  was  identical  with  section  A  except 
that  its  bituminous  base  was  3  inches  thick,  was  re- 
treated in  the  fall  of  1929  to  eliminate  excessive  rough- 
ness and  to  preserve  the  mixed  base.  The  treatment 
consisted  of  applying  0.39  gallon  of  85  to  100  cut-back 
asphalt  and  a  cover  of  40  pounds  of  %-  to  %-inch  stone 
per  square  yard.  Tlus  treatment  greatly  benefited  the 
section  by  eliminating  most  of  the  roughness  and 
scaling  of  the  mat. 

Sections  B  and  C  continued  in  fair  condition  except 
for  the  roughness  and  edge  failure  already  noted. 
Maintenance  of  these  two  sections  consisted  mainly 
of  building  up  the  edges  and  removing  depressions, 
using  for  this  purpose  a  mixture  of  sand-clay  and 
cut-back  asphalt.  In  May  1933  they  were  in  fair 
condition  for  the  surface  treatment  that  was  applied 
to  them  and  to  section  D.  The  treatment  consisted 
of  0.46  gallon  of  85  to  100  penetration  cut-back  asphalt 
and  40  pounds  of  %-  to  %-inch  stone  per  square  yard. 

The  construction  and  average  annual  maintenance 
costs  per  square  yard  for  this  experiment  are  given  in 
table  11. 

Table  11. — Construction  and  average  annual  maintenance  costs 
per  square  yard  for  experiment  5 


Construction  costs 

Average 

Section 

Bitumi- 
nous 
material 

Labor,  sup- 
plies, and 
equipment 

Total 

annual 
mainte- 
nance costs 

A 

Cents 
26.  GO 
25.22 
32.20 
32.51 

Cents 
7.10 
5.73 
9.13 
8.54 

Cents 
33. 70 
30.95 
41.33 
41.05 

( 'ents 
8.67 

B 

3.68 

C 

2.57 

D 

4.51 

2  GALLONS   OF    TAR  PER   SQUARE  YARD    FOUND  TO    GIVE  STABLE 
MIXTURE 

Experiment  6,  extending  from  station  582  to  station 
794,  had  2-  and  3-inch  mixed  bases  of  sand-clay  and 
fcar.  The  bases  were  primed  with  tar,  surface-treated 
with  hot  and  cold-application  tars,  and  covered  with 
tar-treated  sand-clay  or  with  crushed  stone. 

This  experiment  included  five  sections  in  whicli  the 
bases  were  sand-clay  mixed  with  tar  of  18  to  25  specific 
viscosity  at  40°  C.  The  bases  were  2  inches  in  thick- 
ness except  that  of  section  B  which  was  3  inches. 

Sections  A  and  B  were  surface-treated  by  the  enrich- 
ment method  similar  to  that  employed  on  experiment 
5,  using  for  this  purpose  the  18  to  25  viscosity  tar  and 
treated  sand-clay.  The  surface-treatment  of  section 
C  consisted  of  an  application  of  tar  of  25  to  35  specific 
viscosity  at  40°  C,  applied  cold,  and  a  cover  of  1%- 
to  %-inch  stone.  Sections  D  and  E  were  surface-treated 
in  the  same  manner  except  that  the  bituminous  material 
was  a  hot-application  tar. 

Experiment  6  lies  entirely  in  rolling  country  and  has 
good  natural  drainage  except  for  about  200  feet  of 
section  B  which  borders  a  swampy  area.  The  sub- 
grade  varied  considerably  in  composition,  the  west 
portion  of  section  A,  the  east  and  west  ends  of  section 
B,  and  the  east  half  of  section  C  appearing  to  have 
more  clay  than  the  remainder  of  the  experimental 
section.  This  was  quite  noticeable  both  in  mixing  and 
in  the  appearance  of  the  finished  mixture.  Sections 
D  and  E  appeared  to  contain  little  clay  as  the  untreated 
material  pulverized  easily  before  the  tar  was  applied, 
coated  readily,  and  was  uniform  and  free  from  uncoated 
clay  balls  when  mixing  was  completed.  Sections  A, 
B,  and  C,  on  the  other  hand,  required  more  than  the 
usual  amount  of  mixing,  in  spite  of  which  a  uniform 
mix  was  not  obtained  owing  to  the  presence  of  many 
uncoated  clay  balls. 

During  the  construction  of  sections  A,  B,  C,  and  D, 
mixing  was  interrupted  by  rain  and  additional  blading 
was  necessary  to  dry  the  mixture.  Under  traffic  the 
mixture,  on  those  areas  that  had  appeared  high  in  clay 
content,  did  not  compact  into  a  dense  uniform  mat  but 
into  stratified  layers,  the  surface  being  considerably 
marked  by  irregular  vertical  cracks. 

Sections  A  and  B,  for  which  surface-enrichment  was 
planned,  began  to  dust  under  traffic  before  they  had 
compacted.  An  attempt  to  enrich  the  surface  of  sec- 
tion A  while  in  a  dusty  condition  proved  unsuccessful, 
so  the  two  sections  were  remixeel  and  relaid.  They 
were  then  given  the  surface-enrichment  application 
immediately  after  initial  compaction  had  been  obtained 
and  before  dusting  could  start — a  period  of  about  24 
hours. 

The  enrichment  application,  amounting  to  0.27  gallon 
per  square  yard  for  section  A  and  0.28  gallon  per  square 
yard  for  section  B,  was  lightly  covered  with  tar-treated 
sand-clay  which  had  been  previously  bladed  from  the 
mat  and  windrowed  at  the  sides  for  this  purpose. 

Sections  C  and  D  were  given  a  light  application  of  18 
to  25  viscosity  tar  after  they  had  been  compacted  and 
before  the  surface  treatment  was  applied. 

Section  E  varied  from  the  other  sections  of  experi- 
ment 6  in  that  different  amounts  of  tar  were  used  in 
four  portions  of  the  base,  to  determine,  if  possible,  the 
most  satisfactory  amount  of  bitumen.  The  section  was 
divided  into  four  equal  parts  and  the  amounts  of  tar 
used  originally  were  1.77  gallons  per  square  yard  for  the 
first,  2.18  gallons  per  square  yard  for  the  second,  and 
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2. lid  gallons  per  square  yard  for  the  third.  When  these 
three  areas  had  been  mixed  and  compacted  they  were 
given  a  prime  application  of  0.33  gallon  of  tar  per  square 
yard.  Almost  immediately,  however,  parts  2  and  3 
shoved  and  rutted  badly,  apparently  because  of  an 
excess  of  bitumen.  Part  1  appeared  lean  but  remained 
stable  during  a  2-week  period  under  traffic.  Parts  2  and 
3  were  remixed  and  relaid.  The  behavior  of  these  3 
parts  indicated  that  about  2.00  gallons  per  square  yard 
should  be  nearly  correct.  Application  of  2.08  gallons 
per  square  yard  on  the  fourth  part  resulted  in  a  mixture 
that  was  stable  under  traffic.  Parts  2,  3,  and  4  were 
primed  with  one-fourth  gallon  of  IS  to  25  viscosity  tar 
per  square  yard  before  the  hot  tar  and  stone  cover  were 
applied. 

Within  2  months  after  construction  sections  A  and  B 
had  become  extremely  rough  and  the  excessive  cracking 
which  had  developed  gave  them  a  very  unsightly 
appearance.  A  hard,  leathery  crust  formed  on  the 
surface,  making  it  impossible  to  blade  the  surface  to 
eliminate  the  roughness  caused  by  shoving.  After  a 
considerable  period  of  time  the  mixture  apparently 
developed  stability  and  internal  movement  decreased, 
but  surface  smoothness  was  never  obtained  to  any  high 
degree  even  after  the  sections  were  given  a  surface 
treatment  and  a  stone  cover  in  1931. 

Section  C  was  considerably  more  satisfactory  in 
behavior  than  sections  A  and  B,  but  not  nearly  as 
satisfactory  as  sections  D  and  E.  The  east  end  of 
section  C  required  fairly  heavy  maintenance  in  its 
early  life,  partly  because  of  subgrade  failure  and 
partly  because  of  the  unstable  mat.  This  portion  of  the 
section  contained  a  considerable  amount  of  clay,  both 
in  the  subgrade  and  in  the  mixed  base. 

Sections  D  and  E  were  quite  satisfactory  from  the 
start.  Their  bases  were  stable  and  their  surfaces  were 
smooth  and  generally  free  from  cracking  or  raveling. 
Because  of  its  high  crown,  section  E  required  some- 
what more  maintenance  than  section  D  to  remedy  edge 
failure. 

In  1931  the  entire  experimental  section  was  given  its 
first  re-treatment  which  consisted  of  0.36  gallon  per 
square  yard  of  the  TC  grade  5  tar  having  a  specific 
viscosity  of  4S.7  at  40°  C.  and  37  pounds  of  %-  to  %-inch 
stone  per  square  yard.  This  treatment  considerably 
improved  the  condition  of  all  of  the  sections  but  did  not 
eliminate  entirely  the  surface  roughness  of  sections  A, 
B,  and  part  of  C. 

When  inspected  in  March  1934  all  of  the  sections  were 
in  need  of  a  re-treatment.  Sections  A  and  B  were  both 
excessively  rough,  and  on  section  B  an  appreciable  por- 
tion of  the  base  had  been  replaced  by  new  mixed  material 
to  obtain  stability. 

EXPERIMENT  7  REMAINED  IN  GOOD  CONDITION  AND  GAVE 
SATISFACTORY  SERVICE 

Sections  C,  D,  and  E  had  lost  their  uniform  appear- 
ance due  to  whipping  off  of  the  cover  stone,  but  with 
the  exception  of  a  portion  of  section  C  all  were  fairly 
smooth. 

The  construction  and  average  annual  maintenance 
costs  for  experiment  6  are  given  in  table  12.  The  aver- 
age annual  maintenance  costs  as  given  might  indicate 
equivalent  behavior  of  section  C  as  compared  with 
sections  D  and  E;  however,  at  no  time  in  its  life  x\ : i s 
section  C  as  satisfactory  as  the  other  two. 

Experiment  7,  extending  from  station  794  to  station 
100(1,  had   a  2-inch  mixed  base  of  sand-clay  and  cut- 


Table   12. — Construction  and  average  annual  maintenance  costs 
per  square  yard  for  experiment  6 


Construction  costs 

Average 
annual 

mainte- 
nance 
costs 

Section 

Bitumi- 
nous ma- 
terial 

Cover 
material 

Labor, 
supplies, 
and 
equip- 
ment 

Total 

A 

( 'enis 

38  M 
51.96 

43.  91 
1 1 .  71) 
37.54 

( v  nts 

< ;  II Ik 
10.  52 
11.98 
9.80 
10.96 
12.77 

( 'i  nix 
49.36 
63.94 
63.  29 
62.  31 
59.89 

(  't  ll/S 

3  10 

B 

C 

9.58 
9.  65 
9.58 

4.18 
2  78 

E 

2.59 
2  84 

back  asphalt.  It  was  sealed  with  hot  asphalt  or  cut- 
back and  covered  with  crushed  stone. 

This  experiment  covers  three  sections  in  which  the 
base  was  a  2-inch  mixture  of  85  to  100  penetration  cut- 
back asphalt.  The  surface  treatment  was  a  hot 
asphalt  on  sections  A  and  B,  and  an  85  to  100  penetra- 
tion cut-back  asphalt  on  section  C.  All  three  sections 
were  covered  with  l%-  to  %-inch  stone. 

The  surface  and  subgrade  on  this  experimental  sec- 
tion varied  somewhat  throughout  its  4-mile  length  but 
appeared  to  be  of  sandier  composition  than  most  of  the 
preceding  sections.  The  sand-clay  was  broken  up 
readily  with  the  blade  and  the  newly  exposed,  untreated 
base  broke  up  under  traffic  and  also  under  the  construc- 
tion equipment  so  that  the  resulting  mixed  base  was 
actually  as  much  as  6  inches  thick  in  the  sandiest  loca- 
tions. Mixing  was  easily  accomplished  and,  when 
laid  down,  the  mixture  compacted  readily  into  a 
smooth,  well-bonded  mat  that  did  not  dust  under 
traffic.  A  light  prime  of  85  to  100  penetration  cut- 
back was  applied  to  sections  A  and  B  but  not  to  section 
C.  Sections  A  and  B  then  received  the  application  of 
hot  asphalt  and  stone  cover,  and  section  C  received 
an  application  of  the  85  to  100  penetration  cutback 
and  a  stone  cover. 

The  design  of  section  A  of  experiment  7  was  similar 
to  that  of  section  E  of  experiment  G  in  that  varying 
quantities  of  bitumen  were  used  in  the  base.  The 
amounts  originally  applied  were  insufficient  for  the 
east  half  and  excessive  on  the  west  half.  The  section 
was  remixed,  adding  bitumen  to  the  east  half  and  addi- 
tional untreated  material  to  the  west  half.  When  the 
mixing  was  completed  the  mat  compacted  and  bonded 
readily  under  traffic  and  when  surface  treated  it 
appeared  to  be  in  excellent  condition. 

Considerable  roughness  developed  on  a  short  curved 
area  at  the  east  end  of  section  B  and  on  two  areas  of 
section  C.  This  was  caused  by  a  combination  of  bad 
subgrade  conditions  and  lean  base.  These  areas  were 
scarified,  remixed,  and  re-treated  in  1929. 

Except  for  the  failure  just  mentioned,  experiment  7 
has  remained  in  good  condition  and  has  given  excellent 
service.  Surface  roughness  caused  by  subgrade  settle- 
ment gradually  developed  eventually  but  no  inherent 
weaknesses,  that  could  not  be  eliminated  by  surface 
treatment,  made  their  appearance.  Only  one  re-treat- 
ment has  been  given  since  construction,  and  that  was 
applied  to  section  A  in  1932  and  to  sections  B  and  C 
in  1931.  It  consisted  of  0.42  gallon  of  150  to  200  pen- 
etration cutback  and  35  pounds  of  %-  to  ^-inch  stone 
per  square  yard  for  section  A,  and  0.32  gallon  of  85 
to  100  penetration  cutback  and  40  pounds  of  %-  to 
%-inch   stone  per  square  yard  for  sections  B  and  C 
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The  good  behavior  of  this  experimental  section  is 
reflected  in  its  average  annual  maintenance  cost  and 
in  its  condition  which,  in  March  1934,  showed  it  to  be 
stable  and  free  from  cracking,  raveling,  or  other  evi- 
dences of  impending  failure.  Its  surface  roughness 
could  be  eliminated  by  a  fairly  heavy  re-treatment. 

The  construction  and  average  annual  maintenance 
costs  per  square  yard  for  experiment  7  are  given  in 
table  13. 

Table   13. — Construction  and  average  annual   maintenance  costs 
per  square  yard  fur  experiment  1 


Construction  eosl 

Average 
annual 
mainte- 
nance 
costs 

Seel  ion 

Bitumi- 
nous 
material 

Cover 

material 

Laboi , 
supplies, 
and 
equip- 
ment 

Total 

A 

B 

C 

Cents 
28.  07 

30.  84 
25.80 

Cents 
9.58 
9.  00 
9.  58 

Cents 
7.  92 
8  20 
9.  8!> 

(  'ents 
46   17 

•IN.  1)1 

45,  26 

( '<  nts 
3  21 
2.  63 

SURFACE  ON  EXPERIMENT  8  WAS  VERY  SATISFACTORY  AND 
ECONOMICAL 

Experiment  8,  extending  from  station  1000  to  station 
1087,  was  a  surface  treatment  of  sand-clay  with  a 
prime  of  tar  or  cut-back  asphalt.  It  was  sealed  with 
hot  asphalt  and  covered  with  crushed  stone. 

This  experiment  was  included  in  the  project  for 
comparison  with  the  mixed-base  experiments  and  also 
with  similar  treatments  that  were  constructed  else- 
where in  the  State  upon  other  types  of  bases  believed 
at  that  time  more  suitable  for  such  treatment. 

The  sand-clay  surface  of  this  experimental  section 
was,  in  general,  more  stable  than  that  on  the  other 
sections  due  to  a  higher  percentage  of  coarse  sand. 
In  this  respect  the  west  half  of  the  section  appeared 
to  be  more  satisfactory  than  the  east  half. 

The  mam  difficulty  experienced  in  constructing 
experiment  S  was  in  the  preparation  of  the  surface  for 
treatment.  The  road  was  scarified  and  shaped  with 
a  blade  grader  to  produce  a  uniform  cross-section. 
Compaction  was  obtained  by  traffic  and  only  under 
favorable  moisture  conditions.  Three  times,  each  just 
after  a  rain,  the  surface  was  lightly  bladed  while  in  a 
moist  condition,  removing  the  blade  grader  before  the 
surface  dried  appreciably  to  prevent  the  accumulation 
of  loose  material  that  would  not  bond  when  dry. 

After  it  had  been  consolidated  as  well  as  possible, 
the  surface  was  swept  with  a  rotary  broom  and  by 
hand.  After  sweeping,  it  presented  a  very  ragged 
appearance  owing  to  the  many  depressions  found  where 
sand  pockets  had  previously  existed.  These  depres- 
sions were  filled  with  stone  before  applying  the  prime. 

Approximately  0.3  gallon  per  square  yard  of  8  to  13 
viscosity  tar  was  applied  as  a  prime,  but  many  small 
areas  were  not  satisfactorily  covered.  A  light  second 
application  of  tar,  however,  successfully  covered  these 
areas  and  gave  the  surface  a  uniformly  well-primed 
appearance.  The  total  amount  of  tar  prime  used  was 
0.47  gallon  per  square  yard.  As  the  quantity  of  light 
tar  on  hand  was  insufficient  for  priming  the  entire 
section,  a  portion  at  the  east  end  of  the  section,  stations 
1000  to  1026,  was  primed  with  85  to  100  penetration 
cut-back  asphalt  at  the  rate  of  0.55  gallon  per  square 
yard. 

After  an  interval  of  4  to  6  days  during  which  traffic 
was  excluded,  the  primed  base  was  given  an  applica- 


tion of  0.38  gallon  per  square  yard  of  150  to  200  pene- 
tration asphalt  applied  at  275°  to  315°  F.  and  was 
immediately  covered  with  60  pounds  per  square  yard 
of  l%-  to  'i-incli  stone.  Light  rolling  followed  the 
spreading  of  the  stone  cover  and  in  this  operation  con- 
siderable care  was  required  to  prevent  breaking  the  mat. 

Rather  intensive  maintenance  was  required  for  the 
first  2  months  until  the  first  re-treatment  was  applied 
in  December  1927.  In  spite  of  this,  however,  the  cost 
of  experiment  8  for  the  first  year,  both  for  maintenance 
and  for  the  seal,  was  less  than  the  average  for  the 
remainder  of  the  experimental  sections.  Since  the 
December  1927  treatment,  experiment  8  has  received 
only  one  re-treatment.  The  portion  between  stations 
1026  and  1087  was  re-treated  in  1920  and  the  remainder 
was  re-treated  in  1931. 

During  its  life  the  principal  defect  of  this  section  has 
been  its  surface  roughness  which,  while  considerable, 
was  not  as  pronounced  as  that  of  some  of  the  other 
sections.  Roughness  was  caused  by  slight  subgrade 
movement,  not  by  failure,  of  the  surface  mat.  Some 
cracking  has  occurred  more  recently  but  the  surface 
has  not  raveled  or  shoved. 

Considering  its  construction  and  maintenance  costs, 
this  experiment  has  been  surprisingly  satisfactory  and 
economical.  The  stability  developed  by  the  sand-clay 
mixture  was  greater  than  had  been  anticipated,  and 
construction  of  the  waterproof  surface  enable  the 
base,  to  retain  this  stability.  The  section  weathered 
the  winter  of  1933-34,  which  was  an  unusually  severe, 
one,  in  excellent  shape,  in  contrast  to  similar  projects 
nearby.  On  these  latter  projects  clay-gravel  bases 
with  high  clay  contents  had  been  constructed  on  the 
loosely  bonded  sand-clay  surface,  and  upon  these  bases 
surface  treatments  similar  to  those  of  experiment  8  had 
been  constructed.  The  repeated  cycles  of  freezing  and 
thawing  and  the  effect  of  moisture  on  the  clay-gravel 
base  resulted  in  extensive  cracking  and  many  areas  of 
complete  disintegration  of  these  surfaces.  Surface 
repairs  proved  inadequate  for  such  failures  and  the 
only  alternative  was  removal  of  the  clay-gravel  base, 
substitution  of  a  pre-mixed,  sand-asphalt  base,  and 
the  construction  of  a,  new  surface.  No  such  repairs 
have  been  required  on  experiment  8.  Figure  12,  taken 
4  years  after  construction,  is  typical  of  the  appearance 
and  condition  it  has  retained  since  construction. 

The  cost  per  square  yard  of  constructing  experiment 
8  were  as  follows: 

Cents 

Bituminous  materials S.  91 

Cover  material 9.  58 

Labor,  supplies  and  equipment 6.  50 

Total 24.  99 

Average  annual  maintenance  cos)  per  square  yard-     3.  54 

RESULTS  EMPHASIZED  IMPORTANCE  OF  HAVING   A  STABLE 
SUBGRADE 

Because  of  progress  made  in  the  field  of  low-cost 
bituminous  construction  since  this  experimental  road 
was  built,  most  of  the  details  of  construction  and  many 
of  the  facts  established  by  this  experiment  are  already 
well  known  and  accepted.  However,  the  great  variety 
of  factors  covered  by  the  experiment  and  the  fact  that 
it  has  been  under  close  observation  for  7  years  justify 
some  discussion  of  the  observations  made  and  the  data 
accumulated  during  this  period. 

The  discussion  is  based  entirely  upon  conditions  that 
obtained  on  this  experimental  road  and  consequently 
the  conclusions  drawn  are  not  necessarily  applicable  to 
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Figure   12. — View   of   Experiment   8  Taken    4  Years    After  Construction.     This  Is   Typical  of  the   Appearance  and 

Condition  It  Has  Retained  Since  Construction. 

example,  soils  of  high  silt  content  but  deficient  in  sand, 
the  same  results  would  be  obtained  in  bituminous 
construction  of  the  character  described  in  this  report. 

The  general  belief  that  the  service  behavior  of  any 
flexible  pavement  is,  to  a  great  degree,  dependent  upon 
the  character  of  its  supporting  subgrade  is  further  con- 
firmed by  results  obtained  on  this  experimental  road. 
The  analyses  given  in  table  7  show  the  subgrade  to  have 
properties  characteristic  of  the  A-2,  A-3,  A-4,  and  A-6 
soil  groups.  Satisfactory  and  unsatisfactory  surface 
conditions  were  found  on  both  A-2  and  A-6  subgrades 
and  in  most  instances  these  conditions  were  associated 
with  the  drainage  provided.  An  examination  of  the 
properties  of  experiment  3,  given  in  table  7,  illustrates 
quite  clearly  the  effect  of  drainage.  Only  one  area, 
that  in  the  vicinity  of  station  365,  continued  unsatisfac- 
tory for  much  of  the  7-year  period,  and  this  area,  which 
was  in  a  slight  cut,  was  poorly  drained.  Its  usual  con- 
dition, illustrated  in  figure  13,  is  in  marked  contrast  to 
the  generally  good  condition  of  most  of  the  experiment 
of  which  figures  14  and  15  are  typical  illustrations.  Ap- 
parently neither  the  thickness  of  the  bituminous  mat 
nor  its  inherent  stability  offset  the  detrimental  effect 
of  poor  drainage  of  its  plastic  subgrade. 

Experiment  8,  a  thin,  surface-treated  section  on  a 
well-drained,  plastic,  A-2  soil,  was  considerably  better 
than  the  poorly  drained  sections  of  experiments  3  and 
4-B,  although  on  the  latter  the  bituminous  mats  were 
2  inches  and  3  inches  thick  originally. 

The  lack  of  uniformity  in  the  character  of  the  sub- 
grade  materials  typified  by  the  presence  of  A-6  soil  im- 
mediately under  the  bituminous  mat  at  stations  63  and 
440,  as  well  as  in  a  more  normally  expected  position  at 
station  145  as  shown  in  table  7,  indicates  in  a  measure 
the  character  of  the  maintenance  presumably  given  the 
old  road.  Little  information  is  available  concerning 
previous  maintenance.  Apparently  clay  was  used  to 
stabilize  the  more  sandy  portions  of  the  road  and  sandy 
materials  were  used  on   those  areas  where  clay  pre- 


Figure  13. — Poor  Drainage  Resulted  in  the  Unsatisfac- 
tory Condition  of  This  Area  of  Experiment  3  Near 
Station  363.  Analyses  of  Mat  and  Subgrade  from  This 
Area  Are  Given  in  Table  7. 

other  projects  where  the  soils  and  drainage  conditions 
are  materially  different.  Table  4  shows  that  the  soil 
on  this  road  is  a  fine-grained,  sandy  material  containing 
a  large  percentage  of  fine  sand  and  small  percentages 
of  coarse  sand,  silt,  and  clay.  It  cannot  be  safely  as- 
sumed that  with  other  fine-grained  soil  materials  as,  for 
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Figure  14. — General  View  o: 
Section. 
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l  Condition  of  Most  of  This  Experimental 
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dominated.  Manipulation  of  the  clay  and  sand  to  ob- 
tain a  uniform  surfacing  material  evidently  had  not 
been  done. 

Two  comparisons  for  which  information  was  desired 
were  obscured  by  the  effect  of  variations  in  subgrade. 
They  were  the  effect  of  the  consistency  of  the  asphaltic 
cement  used  in  the  cut-back  materials  and  the  effect  of 
the  depth  of  the  mixed  bases  and  surfaces.  Experi- 
ment 2  included  sections  in  which  the  only  variable  in 
construction  methods  and  materials  was  the  penetration 
of  the  asphalt  used  in  the  cutback,  but  at  no  time  dur- 
ing the  period  covered  by  this  study  did  this  difference 
in  penetration  have  any  apparent  effect  on  the  sections. 
Experiment  5  was  designed  to  study  the  relative  merits 
of  2-  and  3-inch  bases  but  here,  too,  the  subgrade  effec- 
tively prevented  a  true  comparison. 

On  the  other  hand,  the  condition  of  the  subgrade  did 
provide  one  opportunity  for  a  comparison  that  would 
not  have  been  possible  had  it  been  either  uniformly  good 
or  bad.  This  was  a  comparison  of  the  service  behavior 
of  the  slow-curing  oils  used  in  experiments  3  and  4.  The 
construction  and  maintenance  of  these  two  experimental 
sections  have  been  approximately  the  same,  the  only 
differences  being  the  oils  used  and  the  fact  that  the  mat 
on  experiment  3  was  2  inches  thick  while  that  on  experi- 
ment 4  was  3  inches.  This  fact,  however,  is  believed  to 
have  had  little  bearing  upon  the  performance  of  these 
sections.  It  seemed  apparent  that  the  difference  in 
service  behavior  of  the  two  sections  was  primarily 
caused  by  the  characteristics  of  the  oils. 

MIXTURE  RETAINED  HALF  OF  ITS  ORIGINAL  VOLATILE  MATTER 
7  YEARS  AFTER  CONSTRUCTION 

The  three  types  of  bituminous  materials  used  in  the 
mixed  bases  were  cold-application  materials  of  rela- 
tively low   viscosity.     The  slow-curing  oils  were  not 


Figure  15. — Illustration  of  the  Closed  Texture  Charac- 
teristic of  Most  of  Experiment  3.  Analyses  of  Mat  and 
of  Underlying  Subgrade  at  Station  353  Are  Given  in 
Table  7. 

expected  to  harden  greatly  or  increase  in  cementitious- 
ness  in  service.  The  cut-back  asphalts  and  the  18  to 
25  viscosity  tar,  however,  contained  volatile  material 
which  was  expected  to  be  lost  during  construction  or 
shortly  thereafter,  leaving  a  bituminous  residue  of  a 
consistency  sufficiently  high  for  good  binding  quality. 
During  construction  no  difficulty  was  encountered  in 
manipulating  and  spreading  the  mixtures  or  in  remixing 
some  of  the  cut-back  sections  after  a  year  or  two. 
Neither  the  tar  nor  the  cutbacks  stiffened  appreciably 
except  on  the  immediate  surface  until  considerable  time 
had  elapsed.  The  actual  loss  of  volatile  matter  during 
construction  was  not  determined  but  was  apparently 
much  less  than  had  been  expected. 

A  sample,  whose  analysis  is  given  in  table  7  under 
laboratory  no.  39362,  representing  the  full  depth  of  the 
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original  mixed  base  containing  cut-back  asphalt,  was 
taken  7  years  after  construction  to  determine  whether  it 
still  retained  any  appreciable  amount  of  volatile  matter. 
Upon  examination  it  showed  that  18.4  percent  of  the 
existing  bitumen  was  volatile  matter  as  determined  by 
an  oven  test  made  on  the  mixture  at  325°  F.  Since  the 
cutback  used  originally  showed  a  maximum  loss  of 
33.9  percent  at  325°  F.  in  the  standard  oven  test,  it  is 
indicated  that  approximately  53  percent  of  the  volatile 
matter  was  still  present  after  a  period  of  7  years,  it 
seems  apparent,  therefore,  that  the  loss  of  volatile 
matter  at  the  surface  resulted  in  the  development  of  a 
viscous  material  which,  in  combination  with  the  fine- 
grained aggregate,  formed  a  tight  seal  that  effectively 
prevented  the  escape  of  the  volatile  matter  in  the  binder 
below  the  surface.  Evidently  the  rate  of  hardening  of 
the  cut-back  asphalt  was  more  dependent  upon  the 
manner  in  which  it  was  used  than  upon  the  character  of 
its  volatile  constituent. 

For  the  conditions  existing  on  this  road  it  is  apparent 
that  manipulation  of  the  mixture  could  well  have  been 
continued  over  a  longer  period  of  time.  Had  this  been 
done,  a  higher  consistency  would  have  been  developed 
by  the  bituminous  material  with  a  corresponding  lessen- 
ing of  the  effect  of  the  variation  in  the  grading  of  the 
mineral  aggregate.  Later  practice  has  been  either  to 
continue  manipulation  to  eliminate  as  much  of  the 
volatile  material  as  possible  without  leaving  the  mixture 
too  tacky  to  spread  and  compact,  or  to  apply  the  bitu- 
men in  smaller  increments  and  to  do  considerable 
manipulation  after  each  application.  The  latter  method 
is  probably  better  as  it  would  afford  the  engineer  a 
better  opportunity  of  making  a  final  decision  as  to  the 
correctness  of  the  mixture. 

The  penetration  of  the  asphalts  used  in  the  cut-backs 
ranged  from  85  to  180.  The  effect  of  this  difference  in 
penetration  was  not  apparent  either  on  the  relative 
durability  of  the  material  or  upon  the  re-treatments 
required.  In  all  cases  other  factors  so  overshadowed 
the  difference  in  the  cut-back  asphalts  that  their  com- 
parative values  could  not  be  established. 

The  slow-curing  oils  differed  considerably  from  the 
cut-backs  in  their  characteristics  and  behavior  as  a 
binding  medium.  As  shown  by  the  analyses,  given  in 
table  1,  they  contained  relatively  small  amounts  of 
volatile  matter  as  determined  by  the  standard  oven 
test  and  the  residues  from  this  test  were  fluid.  The 
behavior  of  experiment  3  was  considerably  different 
than  that  of  experiment  4  due  to  the  characteristics  of 
the  oils  used.  The  mixture  of  experiment  3  did  not 
develop  the  brittleness  and  raveling  typical  of  experi- 
ment 4.  Analyses  of  the  oils  used  in  the  two  experi- 
mental sections  likewise  showed  a  considerable  differ- 
ence in  characteristics.  Oil  A,  which  was  furnished  as 
a  straight  reduced  material,  had  a  low  specific  gravity 
and  high  solubility  in  naphtha.  Oils  B,  C,  and  D  had 
relatively  high  gravities  and  low  solubilities  in  naphtha, 
indicating  that  they  were  more  highly  cracked  in  the 
process  of  manufacture  than  was  oil  A,  or  that  they 
contained  greater  percentages  of  cracked  material. 

TAR     MIXTURES     ATTAINED     GREATER    STABILITY     THROUGHOUT 
DEPTH  THAN   DID  CUT-BACK  MIXTURES 

In  the  re-treatment  of  experiments  3  and  4  in  1928 
and  1933  it  was  intended  to  use  the  same  type  of  oil 
that  was  used  in  the  construction  of  experiment  3,  but 
analysis  of  the  oil  used  showed  it  to  have  character- 
istics more  nearly  like  those  of  oils  B,  C,  and  D,  indi- 


cating that  it,  too,  was  a  cracked  oil.  Analyses  of  the 
oils  used  in  the  re-treatment  of  sections  B  and  C  of 
experiment  4  in  1930  are  not  available  but  were  sup- 
posed to  be  the  same  as  those  of  the  oils  used  in  their 
original  construction.  Considering  the  characteristics 
of  the  oils  used  in  the  re-treatments  of  1928  and  1933, 
it  is  most  likely  that  the  oils  used  in  1930  were  not 
greatly  different  from  those  used  originally.  The 
difference,  if  any,  was  at  no  time  apparent  in  the  be- 
havior of  sections  A,  B,  and  C. 

Except  for  crusting  of  the  immediate  surface,  experi- 
ment 3  continued  more  malleable  throughout  its  life 
than  did  experiment  4.  The  stabilities  developed  by 
the  mixtures  in  their  early  life  were  comparatively  low 
and  while  they  increased  slowly,  that  of  the  mixture 
of  experiment  4  increased  more  rapidly  than  that  of 
experiment  3.  The  surface  of  both  experimental 
sections  was  abraded  somewhat  by  traffic  and  the  loos- 
ened material  dissipated ,  but  experiment  3,  because  of  its 
higher  plasticity,  in  genez*al,  suffered  less  from  mutila- 
tive  traffic  and,  when  disturbed,  rebonded  much  better 
than  did  experiment  4.  The  latter  experimental  sec- 
tion, however,  appeared  to  be  less  affected  by  moisture. 

On  sections  A  and  D  of  experiment  5,  oil  E,  which 
was  similar  in  character  to  oil  B,  was  used  for  ihe< 
surface  enrichment  of  the  mixed  base  in  which  a  cut- 
back asphalt  had  been  used.  In  this  case  the  mixed 
base  developed  a  certain  degree  of  hardness  while  the 
upper  portion,  enriched  with  the  slow-curing  oil, 
remained  more  plastic.  This  resulted  in  considerable 
shoving  and  displacement  of  the  surface  which  soon 
became  so  rough  that  re-treatment  with  cut-back 
asphalt  and  stone  cover  was  necessary  to  restore  a 
satisfactory  degree  of  smoothness.  Figure  7-A  illus- 
trates the  rough  condition  of  section  5-D  caused  by 
surface  enrichment  with  slow-curing  oil. 

On  experiment  8  a  tar  of  8  to  13  specific  viscosity  and 
a  naphtha  cut-back  asphalt  were  used  for  priming  the 
sand-clay  base  prior  to  surface  treatment.  Rapid- 
curing  material  such  as  cut-back  asphalt  is  seldom 
used  for  priming  purposes  and  it  was  used  here  only 
because  of  a  shortage  of  tar  prime.  Little  difference  ir 
behavior  of  the  areas  thus  primed  has  been  apparent 
so  far.  The  area  on  which  the  cut-back  was  used 
however,  was  sandier  and  more  open  than  the  remainder 
of  the  section,  which  probably  accounts  for  the  pene- 
tration of  the  cutback. 

The  18  to  25  viscosity  tar  used  in  the  mixed  base  o\< 
experiment  6  and  in  the  surface  enrichment  of  sections 
A  and  B  of  that  experimental  section  was  comparabh 
in  some  respects  to  the  cut-back  asphalts.  It  was  t 
low  viscosity,  cold-application  material  containing  t 
considerable  amount  of  volatile  matter  and,  upon  losing 
this  volatile  matter,  it  developed  a  residue  comparabh 
with  those  of  the  cut-back  asphalts  in  consistency.  This 
change  in  consistency,  while  somewhat  slow,  extendec 
through  the  full  depth  of  the  base  and  was  not  con- 
fined to  the  surface  alone  as  in  the  case  of  the  cut-backs 
As  shown  in  table  7,  stability  tests  made  on  sample; 
taken  7  years  after  construction  show  that  the  stabilit) 
of  the  mixture  1  and  2  inches  below  the  surface  is 
relatively  high  in  comparison  with  the  top  1-inch  of  th< 
tar  mixtures,  but  in  the  cut-back  asphalt  mixtures  th< 
corresponding  stability  is  substantially  less  for  portions 
of  the  mixture  below  the  surface  than  at  the  top. 

Where  the  18  to  25  viscosity  tar  was  used  in  th< 
surface  enrichment  of  sections  6-A  and  6-B  it  readib 
lost  sufficient  of  its  volatile  matter  to  produce  a  ban 
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crust  which,  however,  was  relatively  thin.  This  same 
bituminous  material  within  the  mixture  did  not  lose 
its  volatile  constituents  so  rapidly  and  as  a  result  the 
base  remained  relatively  plastic.  As  a  consequence, 
considerable  shoving  and  corrugating  of  the  mat  and 
cracking  of  the  surface  crust  occurred.  This  condition 
continued  in  gradually  decreasing  intensity  for  approxi- 
mately 4  years  or,  apparently,  until  the  bitumen  in  the 
base  had  developed  a  consistency  sufficiently  high  to 
provide  the  stability  required.  When  stability  had  been 
developed  as  indicated  by  a  cessation  of  mat  movement, 
the  sections  were  given  the  long-needed  surface  treat- 
ment which  had  been  delayed  for  fear  of  retarding  the 
slowly  increasing  stability. 

BOTH  HOT-  AND  COLD-APPLICATION  MATERIALS  USED  TO  SURFACE- 
TREAT  MIXED  BASES 

The  25  to  35  viscosity  tar  and  the  hot  tar  were  used 
as  binders  in  the  surface  treatment  of  sections  6-C,  D, 
and  E  to  provide  information  on  the  relative  merits 
of  cold-  and  hot-application  materials.  At  the  time 
the  25  to  35  viscosity  grade  was  thought  to  approach 
the  maximum  viscosity  for  cold  application  and  though 
it  may  be  considered  to  have  been  reasonably  satis- 
factory, later  experience  has  shown  that  considerably 
higher  viscosity  materials  can  be  used  advantageously. 
It  will  be  recalled  that  in  the  re-treatment  given  ex- 
periment 6  in  1931  a  tar  of  48.7  viscosity  at  40°  C.  was 
used.  No  difficulty  was  encountered  in  applying  this 
material  or  in  road -mixing  it  with  the  cover  stone.  In 
spite  of  the  relatively  high  viscosity  of  the  tar,  approx- 
imately 10  days  elapsed  before  the  surface  had  stiffened 
sufficiently  to  resist  picking  up  under  traffic.  This  was 
believed  due  to  the  low  rate  of  loss  of  volatile  matter. 

Analysis  of  the  25  to  35  viscosity  tar  is  not  available 
but  it  may  be  reasonably  assumed  that,  like  the  18  to 
25  and  the  48.7  viscosity  tars  used  in  the  base  construc- 
tion and  in  the  re-treatment  of  1931,  it  contained  some 
volatile  matter  which  when  lost  would  leave  a  base 
material  sufficiently  viscous  to  hold  the  cover  stone. 
The  hot  material,  on  the  other  hand,  would  be  expected 
to  lose  very  little  through  volatilization,  the  fluidity 
desired  for  application  purposes  being  obtained  by 
heating.  This  basic  difference  between  the  hot-  and 
cold-application  binders  was  reflected  in  their  behavior. 

In  surface  treatment  of  the  mixed  bases  both  hot-  and 
cold-application  tars  and  asphalts  were  used  with 
mineral  covers.  The  hot-application  materials,  because 
of  their  high  viscosity,  did  not  penetrate  into  the  mixed 
bases  but  remained  on  the  surface,  adequately  holding 
the  cover  material  to  form  a  hard  mat  which  received 
the  wear  of  traffic. 

The  cold-application  materials,  on  the  other  hand, 
penetrated  into  the  base  in  varying  amounts  depending 
upon  their  viscosity  and  the  denseness  of  the  base. 
Penetration  in  any  considerable  amount  resulted  in 
softening  of  the  mixed  base  with  consequent  reduction 
in  its  stability.  Penetration  also  permitted  the  cover 
material  to  become  embedded  in  the  base,  forming  a 
mastic  which  received  the  wear  of  traffic.  When  less 
penetration  occurred,  softening  of  the  base  was  not  so 
pronounced,  but  the  loss  of  bitumen  by  penetration  as 
well  as  by  evaporation  reduced  the  amount  available 
for  holding  the  cover  materials,  which  were  thereby 
subject  to  displacement  under  traffic. 

Where  the  mixed  mat  was  well  compacted  before  the 
surface   treatment   was    applied,    the   cold-application 


materials  did  not  penetrate  and  were  satisfactory.  An 
illustration  of  this  is  experiment  2-A,  which  has  a 
record  of  excellent  service  behavior  at  relatively  low 
cost. 

In  addition  to  the  possibility  of  loss  by  penetration, 
evaporation  losses  also  reduced  the  net  amount  of 
bitumen  correspondingly.  Increasing  the  amount  of 
bitumen  and  modifying  the  method  of  applying  the 
treatment  might  have  offset  these  losses  and  also  might 
have  prevented  penetration  in  some  instances.  It 
appears  advisable  and  more  practical,  however,  that 
the  surface  treatment  material  used  should  be  of  such 
viscosity  that  it  will  not  penetrate  into  the  base  or  else 
that  the  method  of  applying  the  treatment  be  such  that 
penetration  is  reduced  to  a  minimum. 

The  amount  of  bitumen  used  in  the  mixes  of  the 
different  sections  varied  considerably,  as  shown  in  table 
5.  Some  of  this  variation  was  planned,  as  in  the  case 
of  experiments  G-E  and  7-A,  but  in  all  other  sections 
it  was  the  result  of  the  method  of  construction. 

Formulas  for  determining  the  amount  of  bitumen  to 
use  with  aggregates  of  a  given  grading  have  been  de- 
veloped more  recently  and  used  satisfactorily  by  a 
number  of  States.  Such  formulas  apparently  have 
very  narrow  limits  of  application  since  none  is  used 
widely  outside  of  the  State  in  which  it  was  developed, 
and  in  most  cases  where  used  by  other  States  some 
modification  of  the  formula  has  been  found  necessary. 
In  addition,  the  formulas  are  applied  to  aggregates 
whose  grading  is  uniform  and,  regardless  of  the  correct- 
ness of  the  formula,  uniform  mixtures  should  be 
expected. 

IMPOSSIBLE    TO    DESIGN    MIXTURES    BY    EMPIRICAL   FORMULAS 

With  the  exception  of  experiments  3,  4,  5,  6-A,  and 
6-B,  the  mixed  sections  served  as  bases,  surface-treated 
with  bitumen  and  mineral  cover;  consequently,  they 
were  designed  for  stability  primarily  and  as  a  result 
contain  less  bitumen  than  they  would  have  if  they  had 
been  intended  to  serve  as  wear-resisting  surfaces.  Com- 
parison of  their  bitumen  content  with  any  empirical 
formula  would  therefore  serve  no  useful  purpose.  The 
mixed  sections  designed  to  carry  traffic  without  any 
additional  wearing  surface  do  offer  an  opportunity  lot 
comparison  of  the  percentage  of  bitumen  actually  used 
with  that  required  by  theoretical  formulas  and  curves, 
although  the  variation  in  grading  of  the  aggregate 
and  the  frequency  with  which  this  variation  occurred 
would  have  made  the  application  of  an  empirical 
formula  futile  in  design. 

On  this  project,  experiments  3  and  4  were  of  uniform 
composition  throughout  their  depth,  while  experiments 
5,  6-A,  and  6-B  were  leaner  in  the  lower  portion  and 
enriched  in  the  upper  portion  but  were  not  covered 
with  wear-resisting  mineral  cover.  To  present  such 
comparison  as  can  be  made,  the  analyses  of  samples 
taken  from  the  non-surface-treated  sections  are  re- 
tabulated  in  table  14  for  convenience.  The  data  given 
in  this  table  indicate  that  neither  an  empirical  formula 
nor  a  numerical  stability  value,  which  is  a  variable 
characteristic,  should  be  arbitrarily  selected  because 
of  its  successful  use  under  other  conditions  or  with 
bituminous  materials  of  different  characteristics.  Table 
14  shows  that  considerable  variation  in  stability  is 
found  when  different  bituminous  materials  are  used 
and  also  that  numerical  stability  value  alone  does  not 
indicate  probable  service  behavior. 
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Table  14. —  Comparison  of  the  kind  and  quantity  of  bitumen  with  stability  of  bituminous  mixtures 


Sample 

no 

MM 

39359 

3 

39358 

3 

39357 

3 

39356a 

4-B 

4-B 

39355 

4-C 

39354 

4-C 

39362 

5-C 

39361 

6-A 

39360 

6-B 

Tj  pe  of  bitumen  u  ie<l 


Slow  -ruling  nil 

do 
do 
do 

_     .do 

.do. 

...do.. 
Cut-back  asphall 

18-25  viscosity  tai . 

....do 


Hubbard-Field  stability  at 
77°  F. 


Maxi- 
mum 


Pounds 
1,620 


1 ,  730 

2,  910 

270 

3,050 

940 

1,  160 
5,  400 


5,710 


Mini- 
mum 


Pounds 

1,  550 


1,730 
830 

10 

2.011(1 

700 

940 
2,940 


\  '.  '  ■  i  :  I  ■  ■  ■  ■ 


Pounds 

1,585 


1.  730 
1,870 

1 55 


1.045 

1.  ITU 


4,  607 


Amount,  of  bitumen  ' 


Extract- 
ed from 

field 
samples 


l'i  rcent 
7.64 


7  30 
II).  14 
10  II 

10.25 


1 1   35 
8  35 


.  53 


9.53 


Required  by- 


Surface- 

area 
method 


7.  52 
7.  30 

7.  17 


7.57 


7    III 
9.  15 


7.60 
6  90 


Nebraska 

formula  2 


Percent 
5.  31 


5.58 
5.  51 
5.  21 


5  67 


5.  52 
(i.  54 


5.  75 
5.  12 


Remarks  3 


Good  area,  stable  when  sampled;  remains  so  in  cool  weather. 
Ruts  slightly  in  warm  weather  but  irons  out  under  traffic. 
Stability  appears  adequate 

Poorly  drained  area  in  bad  condition-  Behavior  in  dry  weather 
same  as  above. 

From  a  cracked  area  affected  by  moisture.  Service  behavior' 
good.    Stability  appeared  adequate  when  sampled. 

Xew  mixture  on  old  mat;  has  no  resistance  to  displacement 
except  in  cool  weather.  Stability  when  sampled  was  inade- 
quate. 

Old  mat  below  sample  above.  Stable  except  in  very  hot 
weather.  Dusts  under  traffic.  Stability  (against  shoving) 
adequate  when  sampled. 

Service  behavior  same  as  above.  Stability  when  sampled  was 
adequate. 

Same  as  above. 

Retains  stability  irrespective  of  temperature.  Continues  in 
excellent  condition  except  fur  edge  failure.  Stability  ade- 
quate when  sampled. 

Stability  accompanied  by  dusting,  increased  with  age.  Sur- 
face rough,  resulting  from  early  movement.  Stability  ade- 
quate when  sampled. 

Behavior  and  condition  same  as  above. 


1  In  terms  of  drv  aggregate. 

i  /'=0.02«+0.046+0.06c+0.12i/  when: 

P=  percentage  of  bitumen. 

n  =  percentage  of  aggregate  retained  on  No.  50  sieve. 

h  =  percent  passing  No.  50  and  retained  on  No.  100  sieve. 

c=pereent  passing  No.  100  and  retained  on  No.  200  sieve 

rf=percent  passing  No.  200  sieve. 
3  Also  see  table  7. 

It  is  apparent  therefore  that  experience,  excellent 
judgment,  and  great  care  on  the  part  of  the  engineer 
are  of  utmost  importance  in  the  construction  of  road- 
mixed  surfaces  under  conditions  characteristic  of  this 
road. 

For  fine-grained,  poorly  graded  aggregates  such  as 
were  found  on  this  road,  the  range  in  bitumen  content 
between  mixtures  sufficiently  rich  to  resist  abrasion 
without  shoving  and  those  whose  richness  results  in 
shoving  is  very  narrow.  Because  of  this  it  was  prac- 
tically impossible  to  obtain  a  satisfactory,  stable, 
wear-resisting  mat  without  surface  treatment.  This 
was  tried  on  experiments  3,  4,  5,  6-A,  and  6-B  and 
was  only  partially  successful. 

On  experiment  3,  when  the  mat  was  rich  enough  to 
resist  abrasion  it  displaced  under  traffic,  especially  in 
warm  weather.  However,  it  retained  its  malleability, 
and  such  surface  irregularities  as  occurred  were  readily 
ironed  out  by  traffic.  As  the  viscosity  of  the.  oil  in- 
creased because  of  lower  air  temperatures  or  by  oxida- 
tion caused  by  weathering,  the  resistance  of  the  mat  to 
slight  movements  increased  and  was  usually  accom- 
panied by  dusting.  Addition  of  the  same  type  of  oil 
eliminated  dusting,  but,  at  the  same  time,  reduced  the 
ability  of  the  mat  to  resist  movement. 

The.  behavior  of  experiment  4  was  similar  to  that  of 
experiment  3,  although  here  greater  stability  as  well 
as  increased  dusting  and  raveling  were  characteristic. 
The  two  sections  of  experiment  5,  on  which  the  slow- 
curing  oil  was  used,  were  unsatisfactory  without  sur- 
face treatment  because  of  their  inability  to  resist  dis- 
placement. The  other  two  sections  of  experiment  5, 
on  which  a  rapid-curing  material  was  used  in  surface 
enrichment,  continued  the  most  stable  of  the  sections 
not  surface-treated.  The  mats  were  firm  and  hard, 
and  did  not  dust  appreciably  under  traffic.  They  were 
rather  rough,  however,  and  their  edges  suffered  from 


mutilative  traffic.  Sections  6-A  and  6-B,  which  were 
surface  enriched  but  not  surface  treated,  were  un- 
satisfactory also.  The  amount  of  bitumen  required  to 
prevent  dusting  produced  a  mixture  that  shoved  con- 
siderably and  was  excessively  rough. 

Comparison  between  the  surface-treated  bases  in 
general  with  the  sections  not  so  treated  demonstrates 
the  advisability  of  constructing  a  rather  lean  mat  of 
adequate  stability  and  upon  it  constructing  a  wear- 
resisting  surface.  This  method  of  improving  the 
loosely  bound,  sand-clay  roads  such  as  were  found  on 
this  road  has  been  used  by  the  State  with  considerable 
success  on  a  rather  extensive  mileage. 

MIXING  OF  RE-TREATMENTS  GAVE  BEST  RESULTS 

With  the  exception  of  six  sections  of  experiment  2,  all 
sections  that  were  surface-treated  were  covered  with 
crushed  granite  V/4  to  }{  inch  in  size.  The  exception*- 
were  sections  2-B,  2-E,  and  2-H  on  which  pea  gravel 
was  used,  and  2-C,  2-D,  and  2-1  on  which  local  pit-run 
sand  was  the  cover  material. 

One  of  the  pea-gravel  sections  was  resurfaced  with1 
stone  in  its  earlier  life  but  the  necessity  for  re-treating 
was  not  caused  by  any  failure  of  the  original  cover 
material,  and  stone  was  used  in  the  re-treatment  mereljj 
as  a  matter  of  convenience.  Although  the  gravel  covei 
did  crush  somewhat  under  the  roller  and  under  traffic 
no  failures  directly  attributable  to  its  use  were  apparent 

The  sand-covered  sections  were  re-treated  early  in 
their  life  and,  while  subgrade  conditions  and  unstabh 
mixed  bases  were  the  main  causes  for  reconstruction  anc 
re-treatment,  the  use  of  sand  as  a  cover  also  contributec 
greatly  to  the  failure  of  these  sections.  The  same  low- 
viscosity,  cold-application  material  used  in  the  mix 
tures  was  used  as  a  seal  in  combination  with  the  sane 
in  surface   treatment,  with   the  result  that   the  sane 
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Figure  16. — Steps  in  the  Application  and  Mixing  of  a  Re-treatment.  A,  Applying  Bitumen.  End  Nozzles  Were  Turned 
90°  to  Obtain  Heavier  Application  at  the  Edges.  Note  that  Some  Cover  Material  Has  Been  Spread  Prior  to  Ap- 
plying Bitumen.  B,  Spreading  Cover  Material  Immediately  After  Applying  the  Bitumen.  C,  Manipulating  Cover 
Material  and  Bitumen  in  Mixing  the  Re-treatment.  D,  Mixing  the  Re-treatment.  Variable  Appearance  Results 
from  Surface  Irregularities.  Blade  Picks  Up  Cover  Material  from  High  Spots  but  Cannot  Remove  It  from 
Depressions,  so  this  Work  Is  Done  by  Hand. 


became  a,  part  of  the  mixed  base  instead  of  serving  as  a 
protection  against  traffic  wear.  Three  types  of  failure 
developed  in  these  sections;  pot-holing,  edge  failure  by 
abrasion  under  traffic,  and  excessive  roughness  caused 
by  loss  of  stability  in  the  mixture  due  to  the  increase  of 
bitumen. 

Section  2-1  was  covered  with  stone  1  year  after  con- 
struction and  sections  2-C  and  2-D  were  similarly 
treated  a  year  later.  This  treatment  eliminated  the 
failure  not  caused  by  subgrade  conditions. 

In  the  re-treatments  following  construction,  crushed 
granite,  usually  three-fourths  to  one-fourth  inch  in  size, 
was  used  except  on  section  2-B  on  which  the  gravel 
cover  has  been  retained. 

In  applying  re-treatments  to  the  various  sections, 
effort  was  made  to  continue  the  type  of  experiment 
unchanged  as  long  as  possible,  or  until  it  was  demon- 
strated that  no  useful  purpose  would  be  served  by 
continuing  it  unchanged  and  that  better  service  could 
be  obtained  by  changing  it.  In  the  early  life  of  the 
experimental  sections  the  re-treatments  consisted  of 
applying  the  same  type  of  bituminous  material  and  of 
cover  that  were  used  in  the  original  construction.  The 
inability  to  differentiate  between  the  merits  of  the 
| various  grades  of  cut-back  and  the  unsatisfactory  results 
obtained  from  using  sand  as  a  cover  soon  resulted  in  the 
adoption  of  a  single  grade  of  cut-back  and  the  use  of 
stone  only  as  cover  material  except  in  the  case  of 
[section  2-B. 

The  majority  of  re-treatments  were  applied  to 
(eliminate  surface  roughness  caused  primarily  by  base 


and  subgrade  settlement  and  by  movement  of  the 
richer  mixes,  especially  during  their  early  life.  In 
applying  re-treatments  the  cover  materials  were  spread 
by  hand  and,  in  the  earlier  treatments,  they  were 
broomed  by  hand  and  by  dragging  to  obtain  a  smooth 
surface.  Later,  however,  as  subgrade  settlement  in- 
creased with  a  correspondingly  greater  surface,  rough- 
ness, the  plan  of  mixing  and  spreading  the  bitumen 
and  cover  used  in  re-treatment  with  blades  or  drags 
was  introduced.  This  method,  which  was  an  innova- 
tion at  least  in  this  part  of  the  country,  was  very 
satisfactory  and  the  resulting  surfaces  were  smooth, 
but  obviously  not  uniform  in  depth.  Where  the  exist- 
ing mat  was  remixed  prior  to  applying  the  surface  re- 
treatment,  mixing  of  the  bitumen  and  aggregate  com- 
posing the  treatment  was  not  done.  Where  the  exist- 
ing surface  was  not  to  be  disturbed  the  blade-mix 
method  was  always  used. 

Some  advantages  of  using  the  blade-mix  method, 
which  are  not  obtained  without  using  it,  are  the  elimina- 
tion of  pools  of  bitumen  in  low  spots,  a  more  uniform 
mixture,  little  or  no  loss  of  cover  stone,  and  a  uniform- 
appearing  surface  on  which  traffic  will  travel  over  the 
full  width.  Where  mixing  is  not  done,  considerable 
cover  stone  is  lost  by  traffic  even  though  the  surface 
has  been  rolled,  and  traffic  tends  to  travel  in  a  single 
lane.  Figure  16  illustrates  the  method  of  applying  the 
later  re-treatments  to  the  sections  of  this  road.  This 
method  is  used  almost  entirely  by  the  State  at  the 
present  time.  The  surface  appearances  of  mixed  and 
unmixed  re-treatments  are  shown  in  figures  17  and  18. 
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Figure  17. — A,  Typically  Uniform  Appearance  of  a  Mixed 
Surface  Re-treatment.  B,  Appearance  of  a  Newly  Re- 
treated Surface  That  Was  Not  Mixed.  On  Such  Sur- 
faces Traffic  Has  a  Decided  Tendency  to  Travel  in  a 
Single  Lane. 

type  of  experiment  had  no  direct  relationship  to 
maintenance  cost 

Maintenance  of  the  roadway  proper  consisted  of 
such  patching  and  replacements  as  were  necessary  and 
the  application  of  re-treatments  to  the  old  or  recon- 
structed base  and  surface.  This  work  is  included  in 
the  maintenance  costs  given  herein  which  do  not,  how- 
ever, include  such  work  as  the  construction  and  main- 
tenance of  shoulders,  side  ditches,  or  the  installation  of 
supplementary  drainage  fixtures. 

With  the  exception  of  experiments  3  and  4,  the  experi- 
ments were  not  designed  for  machine  maintenance,  and 
repairs  were  made  by  patching  and  by  re-treatment. 
Experiments  3  and  4  were  included  to  provide  a  com- 
parison not  only  of  the  oils  used  but  also  of  methods  of 
maintenance.  The  mats  of  these  two  experimental 
sections  remained  relatively  malleable  in  comparison 
with  those  in  which  cut-back  asphalts  and  tars  were 
used,  but  because  of  surface  crusting  caused  by  harden- 
ing of  the  bitumen  at  the  surface  they  were  not  suited 
to  machine  maintenance,  contrary  to  expectations. 
Under  favorable  conditions  the  surface  could  be  lightly 
cut  for  smoothing  purposes,  though  the  material  thus 
cut  from  high  spots  did  not  bond  in  the  depressed  areas 
but  was  whipped  from  the  surface  by  traffic.  Con- 
tinual blading  to  maintain  smoothness  on  such  surfaces 
could  only  result  in  the  dissipation  of  the  entire  mat. 
The  alternative  to  excessive  planing  was  remixing  of  the 
entire  mat  with  or  without  the  addition  of  bitumen. 

Since  the  period  covered  by  the  cooperative  study  of 
this  experimental  road,  considerable  success  has  been 


attained  in  lessening  the  effect  of  certain  unfavorable 
subgrade  conditions  by  building  a  new  sand-cutback- 
asphalt  mat  over  the  old  surface.  The  depth  of  the 
new  mat  is  varied  from  3  to  8  inches  depending  upon  the 
condition  of  the  subgrade  and  old  surface. 

Costs  of  the  experimental  sections,  both  for  construc- 
tion and  for  maintenance,  are  given  in  table  6.  In  con- 
sidering these  costs  it  should  be  remembered  that  the 
old  road  had  been  maintained  as  a  sand-clay  project 
whose  behavior  has  already  been  described  and  also 
that  supplementary  drainage  had  not  been  provided, 
nor  had  any  grade  lines  been  established.  Work  of 
tills  character  which  has  been  done  since  construction, 
such  as  installing  French  drains  and  pipe,  and  banking 
curves,  has  necessitated  additional  patching  and  the 
use  of  extra  surfacing  materials,  and  as  a  result  has  had 
some  effect  on  the  cost  of  maintenance.  The  shortness 
of  the  sections  and  the  variety  of  materials  used  both  in 
construction  and  early  maintenance  also  added  to  the 
costs. 

It  might  be  expected  that  the  maintenance  cost 
would  be  about  inversely  proportional  to  the  construc- 
tion cost.  Such,  however,  was  not  the  case  nor  did  the 
type  of  experiment  bear  any  direct  relationship  to  the 
maintenance  cost.  Experiments  1-B,  7-A,  and  7-B 
were  identical  in  construction,  differences  in  cost  being 
due  primarily  to  length  of  haul.  The  maintenance 
cost  of  experiment  1-B,  however,  is  2.7  and  3.3  times 
that  of  7-A  and  7-B,  respectively,  and  its  total  cost 
for  the  period  is  more  than  50  percent  greater  than  these 
two  in  spite  of  the  fact  that  they  cost  approximately 
50  percent  more  to  construct.  This  difference  in 
maintenance  cost  can  be  attributed  almost  entirely  to  j 
the  additional  maintenance  required  on  experiment 
1-B  because  of  subgrade  failure.  The  low  mainte- 
nance cost  of  experiment  6  cannot  be  assumed  to 
indicate  continued  satisfactory  service  for,  as  stated 
previously,  the  instability  of  the  mixture  on  this  experi- 
ment made  it  inadvisable  to  apply  surface  treatments 
which  should  have  been  applied  to  eliminate  the  surface 
roughness  that  was  characteristic  of  the  experiment 
throughout  most  of  the  period. 

CONSTRUCTION    AND   RE-TREATMENT   OPERATIONS   DID   NOT 
INTERFERE  WITH  TRAFFIC 

Sections  A,  F,  and  G  of  experiment  2  were  identical 
except  for  the  consistency  of  the  base  asphalt  used  in 
the  cut-back.     Sections  B,  E,  and  H,  and  C,  D,  and  1 
were  alike  in  the  same  way.     The  difference  in  main- 
tenance cost  between  A,  F,  and  G,  represents  approxi- 
mately the  differences  in  subgrade  conditions,  and  the 
same  applies  also  to  sections  B,  E,  and  H.     Sections 
D,  E,  and  F  were  the  same  except  for  the  cover  ma- 
terials which  were  sand,  gravel,  and  stone,  respectively.; 
Subgrade  conditions  appeared  about  the  same  on  sec-j 
tions  D  and  E  and  were  better  than  on  F,  and  the 
differences  in  cost  fairly  well  reflect  the  differences  in) 
amount  of  surface  maintenance  required. 

Experiment  8,  the  double  surface-treatment  con-j 
structed  on  sand-clay,  was  maintained  at  a  relatively 
low  cost  in  spite  of  its  low  construction  cost.  The 
subgrade  soil  on  this  experiment,  contrary  to  early 
expectations,  proved  quite  satisfactory  for  the  type 
of  construction  used  because  the  drainage  was  ap- 
parently adequate. 

Another  item  entering  into  the  cost  of  maintenance 
but  not  indicated  by  the  figures  alone  was  the  additional 
work  done  in  superelevating  some  of  the  curves,  nor  is 
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the  actual  condition  of  the  sections  from  day  to  day 
indicated  by  a  study  of  the  cost  figures.  Some  sections 
were  decidedly  smoother  than  others,  some  were  rather 
rough  most  of  the  time,  and  some,  such  as  experiments 
3  and  4,  continued  in  a  loose  condition  for  some  time 
after  re-treatment  and,  even  after  they  had  become 
compacted,  became  soft  during  hot  weather.  All  such 
points  must  receive  consideration  in  any  attempt  to 
evaluate  the  different  sections  from  the  standpoint  of 
cost  and  adequacy. 

The  experimental  road,  at  the  time  of  its  completion, 
did  not  connect  with  or  touch  any  part  of  an  improved 
highway  system  with  all-weather  surfaces.  The  traffic 
carried  by  the  road  prior  to  construction  was  mostly 
local,  a  fair  proportion  of  which  was  horse-drawn 
vehicles  carrying  from  light  to  relatively  heavy  loads. 
Some  motor  vehicles  used  the  road,  but  few  trucks  or 
busses.  The  last  traffic  count,  taken  before  the  ex- 
perimental sections  were  constructed,  showed  the  road 
to  be  carrying  486  vehicles  daily.  One  year  after  con- 
struction it  was  carrying  an  average  of  559  vehicles 
daily. 

With  the  gradual  improvement  of  highways  in  this 
area  other  satisfactory  travel  routes  became  available 
for  both  local  and  through  traffic.  Despite  this  fact, 
however,  the  1935  count  shows  a  considerable  increase 
in  traffic  since  construction  of  the  project.  In  addition 
it  shows  the  relatively  heavy  traffic  carried  during  the 
summer  months  when  the  stability  of  the  various  sec- 
tions is  presumably  the  lowest.  Differentiation  is  also 
made  between  the  traffic  carried  by  the  eastern  and 
western  portions  of  the  road.  The  eastern  portion 
extends  from  Homewood  to  Conway,  is  a  part  of  both 
United  States  Highways  Nos.  501  and  701,  and  em- 
braces experiment  1  and  about  half  of  2-A.  The 
western  portion  of  the  road  extends  from  Homewood 
to  Gallivants  Ferry,  and  is  a  part  of  United  States 
Highway  No.  501  only.  The  average  daily  traffic 
recorded  for  1935  is  shown  in  table  15. 

Table  15.- — Daily  average  traffic  carried  by  the  experimental  road 


Portion  represented 

Daily  aver- 
age traffic 
(or  1935 

Daily  aver- 
age traffic 
for  June, 
July,  and 
August 
1935 

Daily  aver- 
age traffic, 
remainder 
of  1935 

Conway-Homewood 

Number 
977 
558 

Number 
1,087 
701 

Number 
942 

Homewood-Gallivants  Ferry 

511 

The  fact  that  the  road  surface  is  still  in  service  and  is 
in  better  condition  generally  than  at  any  previous  time 
has  demonstrated  the  practicability  of  correcting,  by 
subsequent  maintenance  and  retreatment,  many  errors 
made  initially  in  the  choice  of  materials  or  in  the 
methods  employed.  In  effect,  the  road  has  been  built 
by  stage  construction,  with  the  maintenance  and  each 
Ve-treatment  adding  something  to  the  permanent 
improvement  of  the  road  structure.  For  this  reason, 
therefore,  an  appreciable  part  of  the  accumulated 
jmaintenance  cost  might  be  more  properly  charged  on 
me  side  of  construction. 

Another  feature  merits  special  attention.  During 
the  construction  period  and  also  while  the  re-treatments 
Were  being  applied,  traffic  was  never  seriously  interfered 
with  and  was  only  slightly  inconvenienced  at  the  most. 
This  fact  is  of  no  small  importance  when  the  matter  of 


Figure  18.- — Appearances  of  Surfaces  of  Mixed  Re-treat- 
ments. A,  Aggregate  is  %-  to  %-inch  Stone.  B,  Aggre- 
gate is  Pea  Gravel. 

detours  is  considered,  especially  in  localities  where  the 
topography  is  such  that  detours  not  only  are  expensive 
to  provide  and  to  maintain  but  may  become  traffic 
hazards  of  decided  proportions.  So  far  as  the  experi- 
mental project  is  concerned,  passing  traffic  not  only 
was  not  detrimental,  but  during  construction  served 
the  very  useful  purpose  of  providing  compaction  for  the 
mixed  mats  and  in  so  doing  made  it  possible  more 
accurately  to  determine  the  correctness  of  their  propor- 
tions. 

CONCLUSIONS 

The  facts  that  appear  to  have  been  established  during 
the  period  covered  by  this  report  may  be  summarized 
as  follows: 

1.  The  serviceability  of  the  experimental  surfaces 
which  comprised  this  project  was  more  greatly  affected 
by  the  character  of  the  subgrade  than  by  the  type  of 
bituminous  surface. 

2.  Failures  caused  by  unsatisfactory  subgrade  con- 
ditions were  not  eliminated  by  repairs  to  the  bituminous 
bases  and  surfaces  but  by  the  removal  of  the  unsatis- 
factory subgrade  materials  or  by  providing  adequate 
drainage. 

3.  Provision  of  a  substantial  subbase  prior  to  con- 
struction of  the  bituminous  mat  will  reduce  considerably 
the  cost  of  maintenance,  which  is  a  continuous  cost. 

4.  The  surface  portions  of  loosely  bonded  sandy  soils 
containing  little  or  no  clay  were  treated  with  a  bitumi- 
nous binding  material  to  form  bases  satisfactory  for 
thin  bituminous  wearing  surfaces. 
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5.  For  loosely  bonded,  poorly  graded,  fine-grained 
aggregates  the  bituminous  material  must  provide  the 
stability  lacking  in  the  aggregate. 

6.  Manipulation  of  mixtures  containing  low-viscosity, 
cut-back  materials  should  be  continued  until  a  consider- 
able portion  of  the  volatile  matter  has  been  dissipated. 

7.  The  consistency  of  the  bituminous  material  used 
in  surface  treatment  exclusive  of  the  priming  appli- 
cation should  be  such  that  it  will  not  penetrate 
into  the  base,  or  the  method  of  applying  the  treat- 
ment should  be  such  that  penetration  is  reduced  to  a 
minimum. 

8.  Slow-curing  oils  that  retained  their  fluidity  for  a 
considerable  period  of  time  did  not  compensate  for  a 
lack  of  mechanical  stability  in  the  fine  aggregate  but 
did  produce  mixtures  that  remained  plastic  under  traffic 
and  that,  when  remixed,  readily  rebonded  with  or  with- 
out additional  oil. 


9.  Slow-curing  oils  whose  fluidity  decreased  because 
of  weathering  developed  some  binding  property  but 
produced  mixtures  that  became  brittle  and  subject  to 
dusting  under  traffic,  and  did  not  rebond  without  addi- 
tional oil. 

10.  With  fine-grained,  poorly-graded  aggregate  it  was 
difficult  to  obtain  a  bituminous  mixture  that  was  suffi- 
ciently stable  and  at  the  same  time  would  withstand 
abrasion  under  traffic. 

11.  Mixtures  of  the  type  used  on  this  road  that  were 
sufficiently  stable  to  resist  shoving  proved  more  satis- 
factory when  protected  with  a  wear-resisting  surface 
than  those  that  were  sufficiently  rich  to  resist  traffic 
abrasion  without  a  protective  covering. 

12.  In  re-treatment,  a  higher  degree  of  smoothness 
was  obtained  by  machine  mixing  and  spreading  the 
bitumen  and  aggregate  than  by  hand  spreading  and 
brooming  alone. 
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A,  Uncontrolled  Weed  Growth  on  the  Road  mm 


Pleasing  Appearance  of  a  Roadside  Where  Weeds  Are  Controlled. 


WEED  CONTROL  and  eradication  on  roadsides 
is  an  important  function  of  State  and  local 
road  maintenance  organizations.  One  midwest- 
ern  State  highway  department  has  spent  an  average  of 
$639,286  per  season  or  18.8  percent  of  its  total  main- 
tenance expenditures  during  the  past  3  years  for  elimi- 
nating and  controlling  undesirable  weed  growth  along 
State  highways. 

The  increasing  demand  for  broad,  well-kept  highways 
on  ample  rights-of-way  has  given  increased  importance 
to  the  problem  of  weed  control  and  eradication.  With- 
out adequate  methods  of  eradicating  or  controlling 
weeds  it  is  not  possible  to  have  roadside  attractiveness 
developed  to  its  full  extent.  Simplicity  and  neatness 
are  among  the  first  requirements  in  roadside  treatment. 
A  rank  growth  of  tall  weeds  may  partake  of  simplicity 
but  such  a  growth  continuously  along  the  highway  can 
never  be  neat. 

During  the  fall  of  1935  a  survey  was  begun  by  the 
Bureau  of  Public  Roads  to  obtain  data  on  the  weed- 
control  practices  of  each  State  highway  department  and 
other  agencies.  A  compilation  of  such  information 
should  be  useful  to  maintenance  organizations  in  more 
effectively  meeting  the  problems  involved. 

Reports  were  received  from  maintenance  engineers 
covering  the  procedure,  cost,  effectiveness,  and  extent 
of  weed  prevention  and  eradication  methods  in  use  by 
all  State  highway  departments.  Information  was  also 
obtained  from  leading  authorities  on  weed  control 
either  through  correspondence  or  review  of  their  pub- 
lications. After  a  detailed  study  and  analysis  of  all 
available  material,  this  report,  covering  mowing,  blad- 
ing, burning,  tillage,  planting  of  smother  crops,  and 
application  of  herbicides,  was  prepared. 

A  road  supervisor  or  patrolman  directing  operations 
to  control  or  eradicate  weeds  should  first  observe  and 
classify  existing  vegetation  to  determine  the  types  to 
be  considered  weeds,  as  judged  by  their  advantages  and 
disadvantages.     It  is  usually  possible  then  to  plan  field 
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operations  that  will  tend  to  discourage  or  eliminate 
objectionable  types  and  leave  unharmed  or  encourage 
preferred  types  of  growth. 

By  definition  a  weed  is  "any  harmful  or  useless  plant; 
a  wild  plant  which  liinders  the  growth  of  cultivated 
ones;  anything  useless  or  troublesome."  Any  plant 
that  is  or  may  become  undesirable  in  its  particular 
location,  injurious  to  crops,  or  people,  can  be  considered 
a  weed.  A  plant  that  is  very  useful  in  one  location  may 
be  harmful  in  another.  In  the  United  States  poppies 
are  not  considered  weeds,  yet  in  France  they  have 
become  one  of  the  worst  weeds. 

Weeds  on  roadsides  help  to  prevent  erosion  by  water, 
wind,  or  traffic.  Their  usefulness  in  this  respect  may 
easily  be  overestimated  unless  other  factors  are  con- 
sidered. Most  weeds,  particularly  those  on  newly 
constructed  roads,  are  annuals  having  a  luxurious  top 
growth  during  the  late  spring  and  summer  months. 
Their  root  systems,  however,  do  not  afford  the  same 
protection  as  the  more  extensive  root  systems  of  peren- 
nials. From  late  fall  to  well  into  the  spring  months, 
the  period  of  greatest  erosion  in  most  localities,  root 
systems  of  annuals  afford  little  protection. 

Recent  studies  by  the  United  States  Department  of 
Agriculture  have  shown  that  for  each  climatic  or  soil 
condition  there  is  a  type  of  desirable  vegetation  that 
requires  little  or  no  encouragement  to  grow  and  that 
will  prevent  soil  erosion  equally  as  well  as  undesirable 
varieties  do.  The  pioneering  annual  or  early  ruderal 
types  of  vegetation  are  usually  most  valuable  as  tem- 
porary forerunners  of  more  permanent  plants  that  are 
desirable  as  ground-cover  protection.  Weeds  give  way 
to  more  desirable  vegetation  on  roadsides  where  proper 
maintenance  methods  are  practiced. 

WEED  CONTROL  ESSENTIAL  FOR  WELL-KEPT  ROADSIDES 

Every  State  highway  department  has  the  objective 
of  keeping  its  roadsides  free  from  trash  and  debris, 
neatly  mowed,  and  of  a  generally  pleasing  appearance. 
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Extensive  planting  and  landscaping  cannot  be  done 
immediately  on  all  the  main  highways  but  clean-up  of 
debris  and  control  of  undesirable  growth  is  a  possibility 
on  all  main  roads  and  on  many  secondary  roads.  The 
improved  appearance  of  roadsides  produced  by  weed 
control  is  sufficient  to  warrant  the  expenditures  made 
and  the  highway  officials  need  seek  no  further  for  justi- 
fication. However,  there  are  a  number  of  other 
benefits. 

Some  of  these  benefits  relate  to  the  highway  itself. 
Tall  weeds  may  lessen  the  sight  distance  on  curves  and 
at  intersections.  Even  low-growing  weeds  may  hide 
culvert  headwalls,  guardrails,  markers,  and  other  ob- 
structions. Culverts  and  drains  may  become  clogged 
with  weed  growth  causing  washouts  or  other  damage. 

Weeds  may  cause  drifting  of  snow,  and  in  a  few  areas 
the  drifting  of  soil,  that  blocks  the  highway.  They 
may  also  cause  desirable  drifting  that  protects  the  road. 
In  such  cases  a  permanent  planting  of  selected  material 
is  to  be  recommended  in  place  of  the  weeds. 

Weed  control  on  highways  is  of  definite  benefit  to 
agriculture.  Seeds  from  uncontrolled  weeds  on  the 
roadside  are  continually  carried  to  adjacent  fields  by 
wind,  water,  and  birds.  Passing  automobiles  carry 
them  to  distant  points  to  infest  new  areas.  Agricul- 
tural specialists  and  progressive  farmers  attach  con- 
siderable importance  to  the  control  of  weeds  along  fence 
rows  and  roadsides.  Laws  have  been  enacted  in  many 
States  making  highway  officials  responsible  for  destroy- 
ing weeds  but  these  laws  are  seldom  rigidly  enforced. 
The  spread  of  any  land  of  weed  to  farm  fields  is  damag- 
ing and  certain  kinds  of  weeds  have  rendered  valuable 
land  almost  worthless. 

Weeds  such  as  wild  lettuce,  Russian  thistle,  dock, 
and  wild  mustard  often  harbor  insects  that  invade  field 
crops  during  certain  seasons.  The  weeds  shelter  the 
insects  during  the  winter  months  when  they  might 
otherwise  be  destroyed. 

The  pollen  from  some  weeds  causes  hay  fever.  Con- 
tact with  poison  ivy,  and  poison  oak,  often  results  in 
severe  skin  injury. 

Dry  weeds  are  a  fire  hazard  to  adjacent  fields,  woods, 
and  structures.  The  hazard  is  accentuated  by  the 
danger  of  burning  cigarettes  and  cigars  thrown  from  cars. 

That  weed  control  is  desirable  is  now  generally  ac- 
cepted among  highway  officials  and  some  effort  at 
control  is  made  on  practically  all  of  our  main  highways. 
However,  the  effort  is  not  always  made  at  the  right 
time  or  by  the  best  methods.  It  is  believed  that 
wherever  control  is  attempted,  it  should  be  made  suffi- 
ciently effective  to  prevent  reproduction  of  undesirable 
growth,  thus  lessening  the  amount  of  future  control 
work. 

In  deciding  upon  the  most  effective  or  practical 
method  of  control  it  is  necessary  to  consider  the  weed's 
habits,  habitat,  and  distribution.  It  is  important  to 
know  the  time  and  conditions  under  which  seeds  germi- 
nate; how  much  time  is  required  to  mature  seeds; 
whether  the  plant  dies  at  the  end  of  1  or  2  years,  or 
lives  several  years;  and  whether  it  reproduces  and 
spreads  only  by  seeds  or  also  by  vegetative  propaga- 
tion. Such  information  will  often  enable  the  super- 
visors and  patrolmen  to  check  or  stop  natural  repro- 
duction of  weeds. 

Weeds  may  be  classified  into  four  general  groups  as 
follows: 

1.  Annuals. — Plants  that  complete  their  growth  and 
die  in  1  year.     They  depend  upon  seeds  for  reproduc- 


tion.    Examples  are  puncture  vine,  ragweed,  Russian 
thistle,  and  wild  oats. 

2.  Winter  annuals. — Plants  having  seeds  that  germi- 
nate in  the  fall  and  complete  their  growth  the  following 
spring.     Examples  are  chickweed  and  shepherd's  purse. 

3.  Biennials. — Plants  that  require  2  years  to  com- 
plete their  growth,  storing  up  food  during  the  first  year 
and  completing  growth  and  seeding  the  second  year. 
Most  biennials  depend  entirely  upon  seeds  for  propa- 
gation. Examples  are  bull  thistle,  burdock,  and  wild 
carrot. 

4.  Perennials. — Plants  that  live  3  or  more  years  and 
reproduce  from  both  seeds  and  roots.  Examples  are 
bindweed,  Canada  thistle,  dock,  oxeye  daisy,  and 
Johnson  grass. 

SEVERAL  METHODS  USED  TO   CONTROL   AND   ERADICATE  WEEDS 

Annuals,  winter  annuals,  and  biennials  can  be  effec- 
tively controlled  and  finally  eradicated  by  preventing 
the  formation  of  seed.  Methods  that  will  kill  the  roots 
must  be  used  to  eradicate  perennials,  but  preventing 
the  formation  of  seed  will  help  confine  them  to  a 
limited  area. 

Methods  for  controlling  weeds  are  mowing,  burning, 
blading,  dragging,  steaming,  hand  pulling,  hoeing, 
smothering,  and  killing  with  herbicides.  Each  of  these 
methods  has  certain  advantages  and  disadvantages 
that  must  be  considered  before  it  is  possible  to  deter- 
mine the  most  effective  method  to  use  under  given 
conditions.  Maintenance  personnel  must  recognize 
fully  the  importance  of  all  factors  that  influence  the 
effectiveness  of  the  various  methods  and  must  take  ad- 
vantage of  all  favorable  conditions  to  make  the  methods 
used  as  efficient  as  possible. 

Timely  mowing  is  an  effective  method  of  controlling 
most  annual  weeds.  By  thus  preventing  seeds  from 
maturing,  their  only  means  of  propagation  is  destroyed. 
Mowing  is  the  most  practical  method  of  discouraging 
objectionable  weed  growth  and  encouraging  desirable 
permanent  types  of  vegetation  on  roadsides  and  large 
areas  where  funds  for  weed  eradication  are  very  limited. 

Complete  eradication  of  perennial  weeds  by  mowing 
is  difficult,  and  satisfactory  results  are  obtained  only 
by  monthly  cuttings  during  the  growing  season  over  a 
period  of  years.  Mowing  often  enough  to  prevent  the 
formation  of  seed  will  confine  the  perennial  weeds  to  a 
limited  area. 

Unless  mowing  is  done  at  the  proper  time,  it  may 
actually  spread  the  growth  of  weeds.  As  a  rule,  it  is 
best  to  mow  when  weeds  have  reached  the  bloom  stage. 
All  too  frequently  weeds  are  mowed  when  they  are  in 
seed  and  the  plants  are  left  on  the  ground  to  dry.  The 
flowers  of  many  plants  are  formed  over  a  period  of  sev- 
eral weeks,  and  although  the  plant  has  the  appearance 
of  being  in  flower,  it  may  have  mature  seeds  or  seeds 
developed  far  enough  to  mature.  Early  destruction  is 
desirable  if  reseeding  is  to  be  prevented.  It  is  impos- 
sible to  specify  the  best  date  for  the  mowing  of  all  weeds 
in  all  localities,  as  different  species  produce  seeds  at 
different  seasons  and  the  same  species  mature  at  differ- 
ent dates  in  various  locations.  For  this  reason,  each 
highway  patrolman  or  supervisor  should  be  familiar 
with  the  weeds  in  his  section  and  should  know  the 
proper  time  to  cut  or  destroy  the  weeds  of  each  variety 
to  prevent  seed  formation. 

Mowing  the  roadsides  one  or  more  times  each  season 
is  a  common  procedure  and  in  many  States  this  is  all 
that  is  done  to  control  weeds.     The  number  of  mowings 
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Overflow  Caused  by  Weeds  and  Silt 
Blocking  Ditch  on  Left  Side  of 
Roadway. 


Tumbleweeds  Caught  Along  Fence 
Lines  May  Cause  Snowdrifts  Across 
the  Roadway  During  Winter 
Months. 


Ditches  Filled  with  Drift  Sand  and 
Soil  Deposited  Along  Fences  Where 
Tumbleweeds  Were  Allowed  to 
Collect. 


■ 


Weeds  May  Make  Roads  Impassable  by  Causing  Washouts,  Snowdrifts,  or  Deposits  of  Sand  and  Soil. 
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Weeds  May  Become  a  Menace  to  Traffic:  A,  by  Reducing 
the  Effectiveness  of  Guardrail;  B,  by  Concealing 
Markers  and  Obstructions  Outside  the  Traveled  Way; 
and  C,  by  Shortening  Sight  Distances  at  Curves. 

per  season,  the  width  covered,  and  the  main  purpose  of 
the  mowing  operations  vary  greatly  between  States. 
The  number  of  mowings  varies  from  1  to  8;  the  width 
varies  from  one  swath  on  the  shoulders  to  the  entire 
right-of-way. 

The  general  practice  by  a  majority  of  highway 
departments  is  to  mow  and  remove  weeds  in  the  fall 
during  the  yearly  clean-up  of  the  entire  right-of-way 
after  the  weeds  have  completed  their  growth.  This 
clears  the  roadside  of  dead  growth  that  might  clog 
the  ditches  and  culverts  and  cause  formation  of  snow- 
drifts on  the  roadway  during  the  winter  and  spring 
months,  but  helps  very  little  in  the  control  or  perma- 
ment  eradication  of  undesirable  vegetation. 

In  addition  to  mowing  over  the  entire  right-of-way 
in  the  fall,  the  majority  of  State  highway  departments 
also  mow  over  the  shoulders  one  or  more  times  during 
the  growing  season.  A  few  mow  over  the  entire  right- 
of-way  2  or  3  times,  the  shoulders  4  to  8  times,  and 


supplement  these  mowings  by  hand  cutting  of  weed 
patches  as  needed  to  keep  seeds  from  maturing. 

The  equipment  used  for  the  mowing  operation  in- 
cludes truck-  or  tractor-drawn  hay  mowers,  power 
mowers,  ordinary  horse-drawn  farm  mowers,  and  hand 
scythes.  When  mechanical  mowers  are  used,  weeds 
around  headwalls,  guard  rails,  fences,  signs,  highway 
markers,  and  other  obstructions  where  the  mechanical 
unit  cannot  be  used  are  cut  by  laborers  using  scythes. 

The  most  effective  type  of  mechanical  mowing  unit 
depends  largely  upon  the  width  and  roughness  of  the 
roadside  to  be  cut  over  and  the  number  of  headwalls, 
highway  markers,  or  other  obstructions  present.  The 
type  preferred  by  maintenance  superintendents  in  a 
majority  of  States,  especially  when  cutting  over  the 
entire  right-of-way,  is  the  common,  horse-drawn  farm 
mower.  Two  of  the  reasons  for  this  preference  as 
given  by  men  in  charge  of  maintenance  operations 
on  State  highways  are  as  follows: 

1.  The  units  can  be  operated  efficiently  over  com- 
paratively rough  ground  and  close  to  obstructions,  thus 
reducing  to  a  minimum  the  amount  of  hand  work 
required. 

2.  Farm-owned  mowers  can  be  rented  at  reasonable 
rates,  thus  reducing  the  amount  of  State-owned  equip- 
ment required  and  efficient  operators  experienced  in 
maneuvering  mowers  in  and  out  of  ditches  and  over 
rough  slopes  can  usually  be  hired  from  local  farms. 

The  horse-drawn  farm  mower  costs  less  to  operate 
and  the  consensus  of  opinion  is  that  better  work  is 
done  than  with  other  types  of  mowing  units. 

MECHANICAL  MOWING  CHEAPER  THAN  HAND  MOWING 

Hourly  rates  for  hired  mowers,  including  two  horses 
and  the  operator,  varied  from  60  cents  to  1  dollar 
during  1935  in  the  States  that  furnished  cost  data  for 
this  operation.  The  resulting  costs  varied  from  $1.20 
to  $2.43  for  a  round  trip  over  1  mile  of  highway  or 
$0.99  to  $2  per  acre.  One  State  hiring  mowers  on  a 
mileage  basis  paid  $1.30  per  round  trip  over  1  mile  on 
old  roads  and  $1  on  roads  recently  graded  where  the 
cutting  was  easier  because  of  modern  design. 

Mowers  drawn  by  light  trucks  are  very  effective 
on  shoulders  and  other  places  where  there  are  few 
obstructions.  Some  States,  however,  prefer  to  use  two 
mowers  drawn  by  a  light  tractor  as  they  have  found 
that  truck  gears  require  frequent  replacing  when  the 
truck  is  used  continuously  at  speeds  of  4  or  5  miles 
per  hour.  One  man  is  able  to  operate  a  tractor  and 
mower  unit  while  two  are  usually  required  with  a 
truck  unit. 

Numerous  special  types  of  self-propelled  machines 
have  been  built  by  State  forces  for  cutting  roadside 
weeds.  These  include  mowers  attached  to  tractors 
with  power  take-offs  and  mowers  attached  at  the 
side  of  a  truck.  Equipment  manufacturers  have  also 
placed  on  the  market  several  types  of  self-powered 
mowers  especially  designed  for  roadside  work. 

All  of  the  self-powered  units  and  truck-drawn 
mowers  have  been  tried  by  various  State  highway 
departments.  Many  have  been  discarded  in  favor  of 
the  horse-drawn  mower.  In  sections  where  it  is  im- 
possible to  obtain  sufficient  teams  when  desired,  the 
power  units  have  been  developed  to  a  point  where 
they  are  considered  very  satisfactory. 

Hand  mowing  with  labor  at  $0.40  per  hour  costs 
about  $5  per  acre.  This  is  considerably  higher  than 
the  cost  of  cutting  with  horse-drawn  or  engine-powered 
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A,  Cutting  Weeds  by  Hand  Around  Obstructions  and  on 
Slopes  Inaccessible  to  Mechanical  Mowing  Units. 
B,  Cutting  Patches  of  Weeds  Before  They  Form  Seed 
and  Spread  to  Adjoining  Fields. 

mowers.  Some  States  prefer  to  use  mechanical  units 
on  accessible  sections  first  and  then  finish  with  hand 
scythes.  Others  precede  mechanical  mowing  with 
hand  cutting  around  all  obstructions,  trees,  and 
desirable  plants  so  that  they  will  be  in  plain  view  of 
the  operators  of  mechanical  units. 

Recent  designs  for  highway  cross  sections  have 
features,  intended  primarily  to  improve  roadside 
appearance,  that  greatly  facilitate  mowing.  Flatter 
slopes  and  rounded  shoulders,  gutters,  and  ditches  have 
made  a  greater  portion  of  the  rights-of-way  accessible 
to  mechanical  mowers. 

Cooperation  between  maintenance  personnel  and 
landscape  engineers  is  essential  for  economical  roadside 
development.  Volunteer  growth  that  will  develop 
into  good  shade  or  ornamental  trees  can  be  saved  during 
the  mowing  operation  if  they  are  properly  identified. 
Arranging  roadside  plantings  so  that  weeds  can  be  cut 
with  a  minimum  of  hand  work  will  help  materially  in 
developing  roadsides  without  increasing  expenditures 
for  grass  and  weed  cutting. 

Some  States  prefer  to  mow  roadside  weeds  frequently, 
the  cuttings  being  left  on  the  right-of-way.  Where 
tumbleweeds  are  removed  from  shoulders  primarily  to 
prevent  snow  drifts,  cutting  to  pieces  with  a  disk  harrow 
has  been  satisfactory.  Leaving  vegetation  to  decay 
increases  the  fertility  of  the  soil  and  eliminates  damage 
from  burning,  provided  accidental  burning  does  not 
occur. 

Weeds  can  be  burned  with  a  flame  while  they  are 
green,  as  they  stand  after  forming  seeds,  in  piles  after 
being  cut,  or  after  being  sprayed  with  gasoline,  oil,  or 


A,  the  Horse-Drawn  Farm  Mower  is  Still  the  Most 
Commonly  Used  Mowing  Unit  on  Roadsides.  B,  Mower 
Being  Pulled  by  a  Light  Truck.  C,  Tractor  With 
Power  Take-Off  for  Operating  Mower. 

other  herbicides.  Adequate  control  is  assured  if  both 
plants  and  seeds  are  destroyed.  The  principal  objec- 
tions to  burning  are  the  fire  hazard,  particularly  in 
timbered  and  grain-raising  country,  and  the  hazard 
to  traffic  from  blinding  by  smoke. 

Special  care  must  be  taken  to  see  that  adjoining 
property,  fence  posts,  trees,  etc.,  are  protected,  and 
provision  must  be  made  for  warning  traffic. 

There  are  two  general  types  of  burners  for  green 
vegetation — the  oven  burner  and  the  extended  burner. 
The  oven  burner  confines  the  heat  and  flame  in  an  oven 
which  is  mounted  on  wheels  or  on  the  side  of  a  truck. 
The  extended  burner  is  equipped  with  one  or  more 
burners  on  extended  arms  which  may  be  operated 
individually  or  collectively  and  are  controlled  by  the 
operator.     Single  burners  are  manufactured  that  will 
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Dual   Mowers  Pulled  by  Tractor. 


shoot  a  flame  for  several  feet  and  can  be  carried  and 
operated  by  one  man.  These  have  been  found  to  be 
useful  in  burning  small  scattered  patches  of  weeds. 

To  be  effective,  burning  should  give  the  vegetation  a 
thorough  scorching.  The  great  amount  of  heat  re- 
quired makes  burning  impractical  on  large  areas  of 
green  weeds  over  6  inches  high. 

Burning  is  a  method  of  last  resort  applicable  to 
roadsides  on  which  weeds  have  been  allowed  to  mature 
a  crop  of  seeds.  Dry  weeds  with  attached  seeds  are 
best  burned  as  they  stand.  Mowing  before  burning 
merely  scatters  the  seeds  and  those  on  the  surface  of 
the  soil  are  seldom  exposed  to  a  sufficiently  high  tem- 
perature to  be  destroyed. 

After  mowing  dense  vegetation  or  weeds  that  are 
beyond  the  full-bloom  stage,  it  is  advisable  to  pile  and 
remove  them  from  the  roadside  to  prevent  clogging  of 
drainage  facilities  and  the  ripening  of  seeds  starting 
to  mature.  Burning  the  piles  when  dry  is  the  cheapest 
method  if  it  can  be  done  without  injuring  desirable 
growth  or  causing  unsightly  scars  along  the  right-of  way. 

SPECIAL   PRECAUTIONS  NECESSARY  WHEN   ROADSIDE  WEEDS 
ARE  BURNED 

It  is  also  possible  to  burn  green  weeds  after  spraying 
with  oil  or  killing  with  certain  herbicides. 

Present  burning  practice  of  the  State  highway  depart- 
ments is  extremely  varied.  Some  departments,  Indiana 
for  example,  allow  no  burning  on  the  right-of-way 
because  of  the  danger  to  traffic.  The  majority  of  the 
departments  do  allow  burning  on  the  right-of-way, 
especially  when  the  growth  is  heavy,  but  issue  detailed 
instructions  to  the  patrolmen  prescribing  methods 
that  must  be  followed  to  safeguard  persons  and 
property. 

Burning  is  accomplished  in  New  Mexico  and  Nevada 
by  a  steel  drag  with  a  fire  ball  attached  that  is  pulled 


along  the  shoulders  and  ditches  by  a  truck.  The  fire 
ball  sets  the  loosened  weeds  on  fire  as  it  moves  along. 
Old  tires  are  sometimes  used  as  the  kindling  material. 

New  Jersey  permits  burning  only  in  the  spring  while 
the  ground  is  still  wet  enough  to  protect  the  grass  roots. 
Minnesota  permits  burning  only  on  sandy  areas, 
because  of  the  danger  of  peat-bog  fires,  and  only  after 
May,  so  that  nests  of  partridges  and  pheasants  on  the 
right-of-way  will  not  be  destroyed. 

Below  are  listed  a  few  of  the  suggestions  in  regard  to 
burning  operations  as  given  by  State  highway  officials 
to  patrolmen  in  States  where  burning  is  allowed: 

1.  Unless  there  is  a  natural  firebreak  adjoining  the 
right-of-way,  burn  only  on  the  windward  side  of  the 
highway  so  that  the  road  surface  will  act  as  a  firebreak. 
This  necessitates  exposing  motorists  to  smoke  and  fumes. 

2.  Make  adequate  provision  for  warning  traffic  to 
slow  down  and  stay  on  the  right  side  of  the  road  while 
passing  through  smoky  areas. 

3.  Conduct  the  burning  operation  in  such  a  manner 
as  to  avoid  the  formation  of  dense  smoke. 

4.  Make  adequate  provision  for  protecting  desirable 
vegetation  from  intense  heat. 

5.  Any  burning  with  mobile  equipment  should  be 
closely  followed  by  fire-extinguishing  equipment.  This 
is  best  done  by  a  patrol  equipped  with  knapsack  fire 
extinguishers  or  a  tank  truck  with  sufficient  water  hose 
to  reach  beyond  the  area  being  burned. 

6.  In  forest  areas,  cooperation  between  patrolmen 
and  forest  rangers  is  highly  desirable. 

Only  three  States  reported  the  cost  of  burning 
operations.     These  are  listed  below: 

California — Burning  vegetation  about  2  weeks  after 
treating  with  oil  costs  $20  per  mile  for  two  9-foot  strips. 

New  Mexico — One  man  at  40  cents  per  hour  can 
burn  tumbleweeds  on  both  sides  of  one-half  of  a  mile 
of  road  in  1  day  at  a  cost  of  $3.20.     With  a  drag  and 
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Burning  Weeds  Along  Highways.     A,  Mechanical  Weed  Burner;  the  Individual  ?^  B™ne^ 

or  Collectively.     B,   Warning  Traffic  of  Weed-Burning  Operations,  Which  Are  Hazardous  to  Both    Iraffic  and 
Desirable  Vegetation. 


truck  costing  $7  per  day  and  two  men  to  control  the 
burning  and  each  paid  40  cents  per  hour,  the  cost  was 
$4  per  acre. 

Idaho— The  cost  to  pile  weeds  ready  for  burning 
was  $5  per  mile  of  road. 

The  cost  of  using  burners  on  24,618  miles  of  single 
track  by  five  railroads  during  1934  averaged  $4.47  per 
mile  including  all  labor,  materials,  equipment,  and 
overhead  charges. 

Blading. — While  scraping  with  a  blade  grader  is 
considered  to  be  an  inexpensive  means  of  destroving 


numerous  young  weeds  on  the  roadside,  it  serves  only 
to  spread  the  plants  if  done  after  seeds  are  formed. 
Any  blading  operation  has  the  disadvantage  of  dis- 
turbing and  loosening  the  soil  to  wind  and  water 
erosion  so  that  the  ultimate  cost,  considering  damage 
done  and  discomfort  caused  by  the  dust,  may  well 
exceed  the  cost  of  more  satisfactory  methods.  Blad- 
ing mixes  the  weeds  and  earth  together  so  that  the 
weeds  cannot  be  burned  satisfactorily. 

Many  State  highway  departments  prohibit  the  use 
of  blades  on  ditches,  shoulders,   and  slopes,  as  they 
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desire  these  areas  to  become  covered  with  vegetation. 
Some  States  even  haul  in  material  to  keep  the  shoulders 
smooth  rather  than  use  a  blade.  In  the  arid  regions  of 
such  States  as  Arizona,  New  Mexico,  and  Nevada,  and 
in  places  where  firebreaks  are  desired,  blading  has  been 
used  quite  extensively  to  remove  weeds.  Even  in 
these  sections  there  is  an  increasing  tendency  to  mow 
the  weeds  and  allow  growth  of  vegetation  in  harmony 
with  the  surrounding  country.  Mowing  allows  the 
soil  humus  to  be  built  up  to  support  desirable  vegeta- 
tion sooner  than  if  blading  is  practiced.  Removing 
weeds  with  a  blade  pulled  by  a  truck  or  tractor  costs 
about  the  same  per  cutting  as  by  mowing  but  the 
seasonal  cost  is  less  as  blading  is  not  required  so  often. 

DRAGGING,  HAND  PULLING,  AND  SMOTHERING  OF  WEEDS  USED  TO 
A  LIMITED  EXTENT 

Dragging. — A  number  of  improvised  drags  are  used 
by  highway  departments  for  clearing  weeds  from  the 
right-of-way.  In  New  Mexico  frames  of  4-by-4-inch 
timber  12  feet  long  and  7  feet  wide  faced  with  old 
grader  blades  extending  three-fourths  of  an  inch  below 


Pulling  Det  Weeds  on  a   Desert   Road  by   Means  of  a 
Weighted  Wire  Mesh. 

the  timbers  are  used  in  the  fall  to  gather  tumbleweeds 
along  shoulders.  The  drags  are  pulled  by  light  trucks 
and  are  automatically  dumped  when  full  of  weeds.  One 
man  with  this  equipment  can  cut  and  pile  the  weeds 
on  both  shoulders  of  a  highway  ready  for  burning  over 
an  average  length  of  15  miles  of  road  per  day. 

In  South  Dakota  A-frames  are  used  to  clear  weeds 
from  the  right-of-way,  and  in  Wyoming  cables  or  chains 
weighted  with  pieces  of  iron  serve  the  same  purpose 
Other  States  use  harrows  for  cutting  and  piling  the  weeds. 

These  methods  tend  to  spread  the  seeds  but  are  effec- 
tive in  removing  tall  weeds  which  may  cause  snowdrifts, 
especially  in  the  semiarid  sections  where  the  run-off  from 
the  surfaces  causes  an  abnormal  growth  of  weeds  on  the 
shoulders.  Little  damage  is  done  to  desirable  grasses. 

Steam. — Although  a  number  of  railroads  have  used 
steain  in  keeping  down  the  weeds  along  their  tracks, 
there  is  no  record  of  similar  practice  on  roadsides.  The 
probable,  reason  is  that  the  railroads  have  equipment 
on  hand  that  can  readily  be  adapted  to  this  purpose. 
Superheated  steam  does  not  actually  destroy  weeds 
and  will  not  kill  hardy  or  fibrous  vegetation;  it  merely 
wilts  the  tops  and  keeps  them  down  temporarily.  The 
less  hardy  types  are  killed.     A  first  application  at  600 


to  900°  F.  during  the  early  growing  season  while  the 
vegetation  is  tender,  followed  by  a  second  application 
3  or  4  weeks  later  has  been  found  by  the  railroads  to 
give  the  best  results.  Steam  boxes  20  feet  long  are 
moved  at  2%  miles  per  hour  where  the  growth  is  thick 
and  at  4  miles  per  hour  over  areas  with  small  weeds. 

The  average  cost  per  treatment  including  labor, 
materials,  equipment,  and  overhead  is  reported  as 
$10.93  per  mile  over  6,272  miles  or  approximately  1 
dollar  per  mile  per  foot  of  width.  Four  treatments  per 
year  are  usually  required. 

Hand  pulling. — Hand  pulling,  spudding,  and  hoeing, 
although  very  effective  methods  of  weed  eradication, 
are  too  costly  to  be  used  to  any  great  extent  on  road- 
sides. Their  use  is  confined  to  the  control  of  special 
areas  or  to  the  supplementing  of  mechanical  methods  in. 
spots  not  reached  by  the  equipment.  A  few  scattered 
weeds  that  are  very  undesirable  can  be  removed  by 
hand  with  little  work,  whereas  if  allowed  to  mature 
they  may  thoroughly  seed  a  larger  area  and  make  more 
trouble  in  the  future. 

The  best  time  to  pull  or  hoe  weeds  is  while  the  ground 
is  moist  and  while  they  are  in  full  bloom,  as  the  roots 
are  then  the  weakest.  This  is  especially  true  for  annuals 
and  biennials  that  are  largely  exhausted. 

Smothering. — Smothering  of  undesirable  vegetation 
can  be  done  by  covering  with  burlap,  paper,  or  other 
material,  to  exclude  the  light  or  by  planting  or  making 
conditions  favorable  for  vegetation  that  will  crowd  out 
the  objectionable  plants  by  either  root  or  top  growth. 
The  first  of  the  two  methods  is  impractical  for  large 
areas  but  has  been  used  to  a  very  limited  extent  on 
patches  of  poison  ivy  and  other  vines. 

Any  grass,  plant,  vine,  or  shrub  that  has  no  undesir- 
able tendencies  and  is  hardy  enough  to  withstand  or 
predominate  over  the  weeds  by  making  conditions 
unfavorable  for  them  can  be  used  as  a  smother  crop. 
In  cultivated  fields,  millet,  Sudan  grass,  oats,  corn, 
peas,  and  sorghum  have  been  successfully  used  to  re- 
duce the  number  of  weeds  prior  to  planting  other  crops. 
Native  perennials  or  annuals  that  will  reseed  themselves 
are  more  desirable  for  smothering  weeds  on  roadsides. 
Some  State  highway  maintenance  departments  favor 
suitiable  low-growing  ground  covers  like  colorful  wild 
flowers  and  dwarf  grasses  by  raising  the  mower  blade 
sufficiently  to  permit  the  low-maturing  plants  to  reseed 
themselves  naturally,  without  competition  from  high- 
growing,  objectionable  species  like  Johnson  grass. 

Maintenance  supervisors  should  not,  however,  per- 
mit attractive  blooms  or  misleading  names  to  prevent 
the  early  destruction  of  such  weeds  as  the  oxeye  daisy, 
toad  flax,  Jimson  weed,  wild  carrot,  and  flowering 
spurge  if  they  are  adjacent  to  cultivated  fields.  Com- 
mon misnomers  of  these  weeds  are  white  daisy,  wild 
snapdragon,  devil's  trumpet,  Queen  Anne's  lace,  and 
baby's  breath,  respectively.  The  Shasta  daisy  is  bigger 
and  showier  and  should  be  encouraged  in  place  of  the 
oxeye  daisy,  as  it  does  not  have  the  tendency  to 
become  harmful. 

VARIOUS  CHEMICALS  USED  TO  KILL  WEEDS 

Many  States  cover  steep  slopes  that  are  impossible 
or  difficult  to  mow  with  appropriate  woody,  ground- 
cover  vegetation  like  native  vines,  Japanese  honey- 
suckle, wild  grapes,  dwarf  flowering  locust,  low  forms 
of  sumac,  and  even  dwarf  varieties  of  cacti.  In  addi- 
tion to  increasing  the  esthetic  benefits,  such  plantings 
should  have  as  their  objective  a  reduction  in  mainte- 
nance expenditures.     Garden  shrubs  placed  on  higb 
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Piles  of  Weeds  That  Have  Formed  a  Carpet  Over  the  Edges  of  the  Pavement.  These  Weeds,  About  6  Months  Old 
Have  Been  Cut  at  Intervals  of  10  or  15  Feet  and  Rolled  Up  Preparatory  to  Removal. 


banks  and  struggling  for  existence  against  uncut  weeds 
are  not  effective  and  should  not  be  planted. 

The  present  knowledge  of  the  use  of  chemicals  for 
controlling  weeds  has  been  developed  during  the  past 
45  years,  though  the  most  progress  has  been  made 
during  the  last  10  years.  Except  for  a  few  chemicals 
such  as  arsenical  compounds,  salt,  or  oil  used  to  kill 
weeds  along  paths,  driveways,  and  roads,  the  develop- 
ment of  their  use  has  been  primarily  for  agricultural 
purposes.  Many  important  facts  concerning  the  use 
of  chemicals  for  weed  eradication  and  control  that  have 
been  brought  out  in  these  developments  should  be 
known  by  highway  maintenance  departments. 

Numerous  examples  are  available  to  show  that  the 
use  of  herbicides  in  the  control  of  weeds  along  highways 
is  both  practicable  and  economical  under  certain  condi- 
tions. In  one  political  subdivision  the  use  of  chemicals 
on  roadsides  for  4  years  has  made  it  possible  to  reduce 
the  expenditures  for  weed  control  to  one-sixth  the 
amount  formerly  spent  when  only  cutting  and  mowing 
were  practiced.  Further  reduction  in  cost  is  antici- 
pated by  their  continued  use.  Several  of  the  larger 
railroads  favor  chemical  treatment  in  preference  to 
repeated  mowing  or  cultural  methods  which  are  slow 
and  difficult  to  effect. 

The  following  is  a  list  of  the  most  important  herbi- 
cides: 


Ammonia  compounds. 
Arsenic  acid. 

'lie  acid.1 
Carbon  bisulphide. 
Caustic  soda. 
Common  salt. 
Copper  nitrate. 
Copper  sulphate. 
Crude  oils. 
Cyanide  compounds. 


Formaldehyde.1 
Hydrochloric  acid.1 
Iron  sulphate. 
Kerosene. 
Mercuric  chloride.1 
Nitric,  acid. 
Sodium  arsenite. 
Sodium  chlorate. 
Sodium  nitrate. 
Sulphuric  acid. 


1  Use  limited  to  experiments  so  far  as  is  known. 
11' IP,  2  4— 37 2 


Chemicals  suitable  for  killing  weeds  along  highways 
must  be  effective,  easily  applied,  and  cheap  enough  to 
be  more  economical  for  the  particular  work  than  other 
methods.     They  may  be  grouped  into  three  types: 

1.  Chemicals  that  produce  soil  sterility  for  a  period 
of  several  months. 

2.  Chemicals  that  kill  all  vegetation  but  do  not 
produce  sterility  of  the  soil  for  any  appreciable  time. 

3.  Chemicals  used  in  selective  sprays  to  kill  certain 
weeds  without  permanent  injury  to  other  vegetation 
growing  among  the  weeds. 

Some  chemicals  may  be  used  to  make  a  solution  that 
will  fall  in  any  one  of  these  classes  by  properly  con- 
trolling the  concentration  or  the  rate  of  application. 

The  herbicides  falling  in  group  one  may  be  used  on 
the  traveled  way  of  highways,  driveways,  and  walks, 
on  patches  of  weeds,  and  sometimes  on  shoulders,  along 
fences,  under  guardrails,  and  around  culvert  headwalls 
and  route  markers.  Those  of  the  second  group  ate 
used  chiefly  on  areas  where  it  is  desired  to  replace  the 
present  growth  with  more  suitable  vegetation.  Chem- 
icals of  the  third  group,  now  used  chiefly  in  the  treat- 
ment of  grain  fields,  might  possibly  be  used  in  the 
treatment  of  lawns  and  grass-covered  roadsides. 

Table  1  lists  the  weeds  killed,  the  chemicals  used,  the 
solutions  or  rates  of  application,  and  general  informa- 
tion regarding  effective  experimental  or  practical  appli- 
cations of  herbicides  by  various  State  and  Federal 
agencies,  commercial  firms,  and  individuals  as  reported 
in  publications  on  chemical  weed  control.  The  bibli- 
ography at  the  end  of  this  report  shows  the  source  of  all 
information  presented  in  table  1. 

Ammonium  sulphate. — Although  ammonium  sulphate 
is  one  of  the  best  chemicals  for  the  control  of  weeds  on 
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Table  1. — Summary  of  effective  herbicidal  applications 
[As  obtained  by  review  of  publications  on  chemical  weed  control] 


Biblio- 
graphical 

reference 
number 


37 

52. 


52 
29. 

29. 

22. 

52. 
22 
3.. 


17.. 
37- 
38- 
52.. 
17- 
11.. 
49.. 
49- 
24.. 

24. 

52. 

52. 
63. 

63 

22 


36. 

52 

52. 

57. 

63. 
11. 
61 
22 

52. 
14 
14. 
10. 

in 
30. 


10 


30. 

30 

6 

51 

4,  5,  30, 
39,  50, 
60,  63, 
and  67. 

62 

5.. 


62     . . 
33     and 

56. 
18 
28 


62 


53 
62 


22 


37 
40. 


Authors'  classification  of  weeds 
reported  killed 


Dandelions  in  lawns. 
Lawn  weeds 


heal 


All  vegetation 

I  )eep-rooted  weeds 

Canada  thistle,  poison  ivy,  quack  grass, 
and  sow  thistle. 

A 1 1  vegetation 

W  i  Id  mustard  and  radish 

All  but  grass  and  grains — 

Buttercup,  duckweed,   dandelion, 
all. 

Dandelions  in  lawns 

do 

Dandelions 

Dandelions  in  lawns 

Moss  in  lawns 

Annual  weeds 

Hard-fern 

Hoary  cress 

All  vegetation . 


Chemical 


Ammonium  sulphate. 
..._do 


Ammonium  thiocyanate 

....do 

....do 


Copper  sulphate. 

....do 

Iron  sulphate 

....do 


Rate  of  application 


Pounds  of  chemical 


Per  100 
gallons 
of  water 


Wild  morning  glory  

Bindweed 

Shrubs 

All  weeds—average  conditions. 

All  weeds—in  Idaho 

Most  weeds 


All  weeds. 


Canada  thistle,  quack  grass,  and  wild 
morning  glory 


Lawn  weeds. 


All  types.  _. 
Perennials. 


All;  especially  grasses 

Annual  weeds  and  seeds 

Roadside  vegetation 

All  vegetation 

Annual  weeds 

Most  weeds 

Puncture  vine 

Wild  mustard 

do 

Canada  thistle,  morning  glory,  poverty 

weed,  quack  grass,  etc. 
Blue  flowering  lettuce,  sow  thistle,  white 

top. 

Yellow  toad  flax 

Leafy  spurge 

Canada  thistle 

....do. 

Common  perennials 


Annuals  and  biennials. 

Perennial  weeds 

Perennials 

Most  weeds 


Most  vegetation . 

Most  vegetation  including  bindweed  and 

perennials. 
Arkansas  bedstraw,  cypress  spurge,  leafy 

spurge  and  St.  Tohn's  wort. 

Bermuda  grass 

Bindweed  


mmh. .(Heavy  growth    

Ulnaweeat  Ordinary  growth 

R.-„ H „„„,, /First  treatment 

Bmaweea\Second  and  third  treatments  . 

Bindweed 

Rind wped/First  treatment 

lmaweeal  Second  and  third  treatments. . 

ni_H, ,  [First  treatment 

BmdweedlSecond  treatment 

Bindweed,    Canada   thistle    and   quack 


....do 

....do 

....do 

....do 

....do 

Arsenic  acid 

Arsenic  pentoxide. 

Arsenite 

Arsenic  trioxide. 


do    

f  Arsenite 

Sulphuric  acid.. 

Arsenite 

Sodium  arsenite. 

.do. 


f Caustic  soda... 
t  White  arsenic. 
[Caustic  soda... 
IWhite  arsenic. 

[Caustic  soda... 
<White  arsenic. 
(Sulphuric  acid. 

Lead  arsenate .. 


Carbon  bisulphide. 
Carbon  disulphide. 


Oil 

Diesel  oil 

do 

Petroleum  oil 

Sulphuric  acid 

do 

do 

do 

do 

Calcium  chlorate  or  ma- 
gnesium chlorate. 
..do 


.do. 

.do. 


Potassium  chlorate. 

do.... 

Sodium  chlorate 


.do. 
.do. 
.do. 
.do. 

.do 
do 


.do 


..do 
...do. 


.do. 
.do 
.do. 
.do. 
.do. 
.do. 
.d 
.do. 
do 
.do. 


Per  1,000 

square 

feet 


125 
50 


200 


20-  30 
125 
200 
150 

150-200 

125 

150 

200 

125 

8.4 

3 

50 


8.  t 
3.0 

s.o 

22.0 

14.7 

0.  28-     .  42 


5.0 


4.  4-  5. 


4 

1 

5 
10 
10 

5.3-    4.2 

4 

8 

5-    6 

is-  20 

1.1 
4.4 
5.6 


2.2 

6  'i 


.  12 

.6 


25-84 

17-84 
17 
84 
125 


100 


100 
150~ 


200 
100 


150 


100-150 

100 
100 
100 
100 
100-300 
100 
100 
100 
100 
100 


1.4 

.58 
.46 
.92 


Gallons 
of  solu- 
tion per 

1,000 
square 

feet 


6.  7 

i;  ii 


3.3 

2.9 
6.7 
3.0 

2.5 
1.  1 


11.5 


13.8 

13.8 
11.5 


5.0 


2  6.9 

'6.9 

*  11. 1 

!6.9-  9.2 
.6-  1.2 


2.5 
2.6 
11.0 

22.  0 

14.7 
25.7 


5.5 


5.0 
7.4 
7.5 
11.0 

7.4 
2.3 


3.4 
2.3 
3.4 
2.3 
.2-11.0 
3.4 
2.3 
4.6 
2.3 
11.0 


Remarks 


1.4-2.9 


3.0 

2.1 


5.0 


3.7 
2.3 


Saturate 


Saturate 

3  t 
2.3 
3.4 
2.3 


3.4 
2.3 

4.6 
2.3 
11.0 


'  Amount  for  dry  regions.     In  moist,  climates  use  42  pounds  of  copper  sulphate  per  100  gallons  of  water. 
2  Gallons. 


Apply  dry  or  in  solution  3  to  5  times  2  weeks  apart 
during  early  spring  or  late  fall  on  cloudy,  damp 
days  while  the  grass  is  dry.  Chemical  acts  as 
fertilizer  to  lawn  grass. 

No  toxic  effect  after  3  months  when  sulphur  is  added 
to  the  soil.  Converted  into  ammonium  sulphate, 
which  is  a  good  source  of  nitrogen  for  plants.  Best 
results  if  applied  in  solution. 

Use  spray  in  clear  weather. 

Saturate  plants.  Used  as  selective  spray  for  grains. 
Spray  while  plants  are  growing,  on  clear,  bright  day- 
Use  on  warm,  dry  days.    Injures  clover  but  not  grass. 

Spray  4  or  5  times  1  month  apart. 

Apply  3  to  5  times  2  weeks  apart  in  spring  when  grass 

is  dry,  on  cloudy,  damp  days.    Will  not  hurt  lawn. 

Mow  lawn  before  applying. 


Spray  during  December  to  April. 
Spray  during  warm,  dry  weather 
Spray,  adding  4  pounds  soap  per  100  gallons  of  solu- 
tion. 
Roots  killed  best  in  fall.    Spray  during  moist  weather. 

Mix  chemicals  in  quantities  indicated. 

2  to  4  gallons  per  shrub,  depending  on  size. 
2  or  3  applications  for  perennials,  1  application  for 
annuals. 

I  Large  vegetation  should  be  mowed  before  spraying. 
I    Mix  chemicals  in  quantities  indicated. 

Mix  chemicals  in  quantities  indicated. 

]  Caustic  soda  and  white  arsenic  are  mixed  in  concen- 
trated solution  and  added  to  water  with  sulphuric 
acid  as  needed.    Apply  as  spray  when  plants  are 
dry  and  wilted  but  when  air  is  moist. 
Apply  dry.    Results  are  not  certain. 

Apply  at  roots. 

Apply  in  holes  2  feet  apart. 

inches  deep. 
Kills  seed. 


Make  holes  12  to  18 


Used  to  provide  firebreak  in  California. 

Spray  when  atmosphere  is  dry. 
(Experiments  in  Arizona). 

Do. 
For  use  during  normal  weather. 
For  use  during  damp  days. 
(Experiments  in  Idaho).    Use  18.4  pounds  per  1,000 

square  feet  in  irrigated  soil. 
(Experiments  in  Idaho).    Use  29.4  pounds  per  1.000 

square  feet  in  irrigated  soil. 
(Experiments  in  Idaho). 
Do. 

Apply  dry  in  late  fall. 


Apply  dry  when  tops  are  dead. 

Use  dry  or  in  solution  during  cool  weather. 

One  application  only  at  blossom  time. 

First  application  at  blossom  time,  rest  after  new 

growth  starts,  2  or  3  applications  necessary. 
Spray  when  4  to  5  inches  high  and  repeat  in  a  month's 

time. 
Two  applications  necessary  in  Oklahoma. 
Spray  during  flowering  stage  or  late  June  and  repeat 

in  a  month's  time. 
Apply  on  moist  days.    Soil  not  sterile  long. 


3  treatments.   First  treatment  before  plants  bloom. 

Soil  conditions  govern  solution  to  be  used. 
12  or  3  treatments  necessary  when  weeds  are  in  full 
I    bloom. 

IFirst  treatment  latter  part  of  June  when  there  is  a 
I    heavy  growth.    Second  treatment  6  weeks  later.' 

Experiments  in  irrigated  sections  of  Idaho. 


3  One-half  teaspoon  of  sulphuric  acid  and  1  teaspoonful  animal  glue  to  each  gallon  makes  solution  more  effective.     Acid  hastens  diffusion   through  cuticle.     Clue  keeps 
solution  in  contact  with  the  weeds  longer. 
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Table  1 

— Summary  of  effect 

've  herbicidal  application* — Continued 

Authors'  classification  of  weeds 
reported  killed 

(  !hemical 

Rate  of  application 

Biblio- 
graphical 
reference 

number 

Pounds  of  chemical 

Callous 

of  solu- 

tion  per 

1,000 

square 
feet 

Per  100 

gallons 
of  water 

Per  1,000 

square 
feet 

30 

30... 

62 

Blue  flowering  lettuce,  leafy  spurge,  per- 
ennial sow  thistle,  white  top. 

Canada  thistle,  morning  glory,  poverty 
weed,  quack  grass,  and  Russian  knap- 
weed. 

Sodium  chlorate 
.     do 

100 
100 

125-150 

18.  1 
7.3 

IS.  4 
7.3 

(In  Idaho).     In  irrigated  sections  use  22  pounds  pi  r 

1,000  square  feet. 
(In  Idaho).    In  irrigated  sections  use.  14.7  pounds  per 

1,000  square  feet. 

Spray  young  shoots  in  spring  after  cutting  during 

winter. 
Apply  dry  during  fall.    (Experiments  in  New  York) 

11 

Canada  thistle 

in 

19 

Canada  thistle: 

do 

150 
250 

MOO 

9   1 

12.5 
100 

51..   

41 

Second  treatment ._-  

Canada  thistle .     ...  ..  ..  

Canada    thistle,    European    bindweed. 

Johnson  grass,  quack  grass,  sow  thistle, 
duckweed,  growing  ivy,  speedwell,  and 

other    broad-leaved,    shallow    rooted 

weeds. 
Chiekweed,  ground  ivy,  ironweed,  oxeye 

daisy,  speedwell,  poison  ivy. 
Goldenrod ...  ...  ...  

do 

....do 

do 

.     do 

do 

do 

3  7 

Apply  dry  in  late  fall. 
Kespray  in  6  weeks. 

Will  not  injure  grass.    Kills  crabgrass  seedlings. 
Apply  during  cool  weather.     Does  not  injure  grass. 

52 

'it 
1.25 

10.  0 

1(1  li 

3 

62 

26 

Johnson  grass .. 

..   .do 

2.3 
7.3 

2  treatments  required  in  Oklahoma. 

Apply  dry  in  late  fall.    (Experiments  in  New  York.) 

No  injury  to  grass  during  Jtilv.     (Experiments  in 

Ohio.) 
Spray  thoroughly  and  repeat  in  a  month. 
Soak  soil;  2  or  3  treatments  may  be  needed. 

1  application  usually  sufficient. 

Saturate  plants;  1  spraying  usually  effects  100  net  1  ent 
kill. 

Apply  dry  in  fall. 

(Experiments  in  Washington  and  New  Jersey  ) 

2  applications  necessary  (experiments  in  Virginia.) 
Total   of   all    treatments— 17.7   to    18.4    pounds    per 

1,000  square  feet 
Spray  just  before  coming  into  blossom. 

6  anrl  51. . 

Leafy  spurge 

Oxeye  daisy ...  .  .. 

do  

.   do 

50* " 

Kin 
ion 
'2(1(1 

too 

66 

62 

Perennial  sow  thistle 

.  ..do... 

17 

28 

Poison  ivy_-_  ...         ... 

do 

.     .do 

do 

7    1 

7.4 
11.0 
5.7 
7.3 

3  7 

9   1 
7.  3~ 

62 

5 

..-do 

do 
....  do. 

19  and  60. 

do 

dn 

100 
100 

50-  75 

42-  84 
300 

300 

58 

66  and  67. 

62 

do 

Quack  grass  and  Canada  thistle.         

Ragweed. .  ._-  ..--_-  ._ 

.  do.— 

do 

....  do 

54  . 

do 

3.  3-24.  0 

1. 1-8  0 

22 

52 

All  vegetation 

Barberrybush,   dandelions,   poison   ivy, 

and  poison  sumac. 
Bindweed .. 

Sodium  chloride  5. . . 

do 

....  do 

92  to  459  pounds  per  1,000  square  feet  if  applied  dry 
Apply  on  hot  dry  days.    Removes  all  growth  for  a 

season. 
Spray  thoroughly.     First  application  when  leaves  are 
full  grown.     Second  and  third  as  new  leaves  appear. 
Almost  permanent,  detrimental  eliect  on  soil. 
Very  expensive 

5  to  10  tnns  per  acre  on  large  areas. 
Soak  soil.    Repeat  in  2  weeks  if  necessary. 
Place  'i-ineli  thick  on  ground 

16  and  37. 

1,000 

918 

1,  000 

68 

do 

do 

63... 

do 

17 

Poison  ivv 

do              ...      . 

(») 

Sodium  chloride  5 

300 

2S 

1,030 

'Quantity  for  large  plants.     Use  150  pounds  per  loo  gallons  <>f  watet  as  a  respray 


5  Common  salt 


9  Hock  sal 


lawns,  it  is  too  expensive  to  be  used  to  any  great  extent 
on  roadsides.  Traffic  circles,  center  islands,  parkings, 
and  landscaped  areas  where  the  grass  is  kept  mowed 
short  and  a  dense  turf  is  desired  may  be  benefited  by 
the  use  of  ammonium  sulphate.  It  is  not  only  harmful 
to  dandelions  and  many  other  common  lawn  weeds 
but  also  acts  as  a  fertilizer  to  the  grass.  However, 
repeated  use  tends  to  make  an  over-acid  soil  that  may 
be  detrimental  to  the  grass.  The  lawn  should  be  well 
watered  not  sooner  than  24  hours  and  not  later  than 
48  hours  after  each  treatment  to  prevent  the  grass  from 
being  burned. 

Ammonium  thiocyanate. — Ammonium  thiocyanate,  a 
byproduct  of  coke  plants,  acts  on  all  vegetation  very 
rapidly,  but  does  not  sterilize  the  soil  for  more  than 
a  few  weeks.  It  is  highly  soluble,  noninflammable, 
absorbs  moisture  from  the  air,  and  decomposes  in  a 
few  weeks,  liberating  desirable  fertilizers.  These  fea- 
tures, together  with  the  fact  that  stock  will  not  eat 
sprayed  vegetation  because  of  its  repellent  taste,  make 
it  a  desirable  herbicide  for  treating  small  areas  of 
vegetation.  Its  cost — 17  to  20  cents  per  pound  during 
1935 — prohibits  its  use  on  large  areas. 

Copper  sulphate. — Copper  sulphate  solution  is  some- 
times used  as  a  selective  spray  for  killing  young  weeds, 
especially  those  such  as  wild  mustard  and  wild  radish 
plants,  in  localities  where  iron  sulphate  and  sulphuric 


acid  are  not  readily  available.  For  best  results,  it 
should  be  used  while  the  plants  are  still  young  and 
tender.  It  should  be  applied  as  a  fine  spray  on  clear 
days  when  there  will  be  no  rain  for  several  hours. 

Iron  sulphate. — Iron  sulphate  has  much  the  same 
destructive  effect  on  dandelions  and  broad-leafed  lawn 
weeds  as  copper  sulphate  and  is  a  little  lower  in  price. 
Grasses  and  grains  are  very  resistant  to  the  spray,  and 
although  it  slightly  blackens  them  at  Hist  they  will 
soon  recover. 

Iron  sulphate  can  be  applied  dry  or  in  solution.  A 
fine  spray  applied  on  humid  days  wdien  rain  is  not 
likely  to  fall  soon  is  most  effective.  Small  patches  can 
be  sprayed  with  a  sprinkling  can  or  the  chemical  can 
be  applied  dry.  If  rain  falls  soon  after  spraying,  the 
chemical  will  be  washed  off  before  the  weeds  are 
damaged.  When  application  is  made  in  dry  weather  the 
solution  will  dry  and  the  residue  falls  off  of  the  leaves 
before  they  are  affected.  The  first  application  should 
be  made  in  early  spring  and  the  other  three  to  six 
necessary  applications  at  intervals  of  10  days  to  2 
weeks.  Spraying  should  not  be  done  in  midsummer 
when  the  grass  is  inactive  and  the  soil  very  dry.  Lawns 
should  be  mowed  2  or  3  days  both  before  and  after 
spraying.  Undesirable  stains  are  produced  when  the 
solution  comes  in  contact  with  buildings,  walks,  or 
clothing. 


292 


PUBLIC   ROADS 


Vol.  17,  No.  12 


A,  Firebreak  Strip  Formed  by  Treating  Vegetation  With 
Sodium  Chlorate.  B,  Appearance  During  the  Summer 
of  Area  Around  Guardrail  Where  Sodium  Chlorate  Was 
Sprayed  the  Previous  Fall. 

special  care  necessary  in  use  of  chemicals  that  are 
poisonous  to  man  or  animals 

Arsenicals.  -Arsenicals  have  been  used  extensively 
as  contact  sprays  for  killing  weeds  along  railroad  tracks, 
highways,  and,  to  some  extent,  in  fields.  Many  com- 
rnerical  weed-killing  solutions  contain  sodium  arsenite. 

The  principal  objection  to  arsenic  and  all  its  com- 
pounds is  that  they  are  very  poisonous  to  both  man  and 
beast.  When  sprayed  upon  weeds  they  give  them  a 
brackish,  sweet  taste  that  is  attractive  to  grazing 
animals.  The  greatest  care  must  be  exercised  not  to 
inhale  the  dust  or  fumes  or  to  bring  the  hands  near  the 
face  or  mouth  while  using  this  chemical.  Arsenicals 
should  not  be  used  near  playgrounds  or  where  they  can 
ho  reached  by  children  or  animals.  Utensils  used  in 
preparing  them  should  always  be  thoroughly  washed 
and  should  never  be  used  for  cooking  purposes.  Vege- 
tation deadened  by  arsenic  compounds  should  be  burned. 

A  few  years  ago  the  use  of  arsenic  sprays  was  replaced 
to  a  great  extent  by  sodium  chlorate  solutions  to 
eliminate  the  danger  of  poisoning  livestock.  Sodium 
chlorate  solutions  are  several  times  as  expensive  as 
arsenic  solutions  and  there  is  always  the  danger  of  fire. 
During  the  last  year  or  two  arsenicals  have  come  back 
into  more  general  use  because  of  the  development  at 
the  University  of  California  of  an  acid  arsenical  solution 
and  improved  knowledge  of  its  use. 

The  method  of  preparing  and  applying  the  acid 
arsenical  solution  as  given  by  L.  W.  Kephart,  senior 
agronomist  of  the  United  States  Department  of  Agri- 
culture, is  becoming  standard  practice  because  of  the  low 
cost  and  the  relatively  high  elliciency  in  lulling  very 
I  roublesome  perennial  weeds.  This  method  is  as  follows: 


Stir  the  following  solution  until  dissolved — 

White  arsenic 4  parts  by  weight. 

Caustic  soda 1  part  by  weight. 

Water    _ 2%  parts  by  weight. 

When  required  for  use  add  1  part  by  weight  of  the  solution  to  100 
parts  of  water.  After  mixing  thoroughly,  add  5  parts  by  weight 
of  a  commercial  grade  of  sulphuric  acid  slowly  while  stirring 
constantly. 

It  is  highly  important  that  the  plant  be  in  proper 
condition  to  take  the  chemical  into  its  tissues  when  the 
spray  is  used.  This  condition  occurs  when  the  plants 
arc  wilted  after  hot,  dry  weather,  but  when  the  atmos- 
phere is  moist  so  that  evaporation  is  not  high.  Under 
such  conditions,  a  solution  sprayed  on  the  foliage  is 
taken  up  by  the  leaf  tissues  and  drawn  downward  into 
the  stem  by  reason  of  the  negative  pressure  within  the 
plant  cells.  The  acid  in  the  solution  makes  the  leaf 
surfaces  more  permeable.  Broad-leafed  weeds  are 
affected  to  a  greater  extent  than  grasses. 


Slopes  Covered    With    Desirable    Vegetation    Make    the 
Roadsides  Attractive  and  Reduce  Maintenance  Costs.  1 

In  practice  it  has  been  found  that  the  best  kill  isi 
obtained  when  full-grown  plants  are  sprayed  towards 
night  after  a  few  hot,  dry  days.  Several  authorities 
recommend  the  addition  of  3  or  4  pounds  of  soap  to 
each  100  gallons  of  solution  for  waxy-coated  foliage 
where  the  spray  has  a  tendency  to  collect  in  drops. 

While  arsenic  makes  soil  very  toxic  when  applied  in 
large  quantities,  as  in  the  root-absorption  method,  the 
amount  required  for  the  leaf-absorption  method  is  so 
small  that  no  ill  effects  to  the  soil  can  be  detected  after 
several  applications.  It  is  the  cheapest  and  most 
effective  herbicide  to  use  when  permanent  sterilization 
is  desired  on  areas  where  there  is  no  danger  of  poisoning 
people  or  livestock. 
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Applying  Chemical  Weed  Killer. 


Truck  equipped  with  U-Shaped 
Device  for  Spraying  Around  Posts 
and  Under  Rail.  Weeds  Behind 
Rail  Are  Being  Sprayed  Using 
a  Pipe  Attachment. 


Applying  Chemicals  to  Kill  Weeds. 


Carbon  bisulphide. — The  use  of  carbon  bisulphide  as 
an  herbicide  has  been  limited  by  the  cost,  especially  the  la- 
bor cost,  and  the  danger  of  handling  this  inflammable  and 
explosive  chemical.  The  present  method  of  application 
by  making  a  large  number  of  holes  in  the  soil,  pouring  a 
small  quantity  of  the  chemical  into  each,  and  capping  with 
earth  is  practical  only  for  small  areas  of  weeds  when  large 
regions  of  weed-free  land  are  in  danger  of  being  invaded. 

Complete  killing  of  perennial  weeds,  for  which  this 
chemical  has  been  chiefly  advocated,  depends  upon 
favorable  conditions  which  as  yet  are  not  fully  under- 
stood. The  depth  of  the  holes,  the  distance  between 
them,  the  amount  of  liquid  used,  and  the  porosity  of  the 
soil  are  variable  factors  that  affect  the  results  obtained. 
Dense  soils  do  not  allow  the  distribution  of  the  liquid 
and  gases  that  is  necessary  to  kill  the  roots. 

CORROSIVE  EFFECT  OF  CHEMICALS  ON   EQUIPMENT   MUSI    BE 
CONSIDERED 

Sulphuric  acid. — Sulphuric  acid  in  dilute  solutions  has 
been  used  quite  extensively  as  an  herbicide  in  Europe, 
especially  France,  where  its  use  has  been  most  energeti- 


cally carried  on  for  a  number  of  years.  Owing  to  the 
difficulties  of  handling  this  highly  corrosive  chemical 
which  burns  clothing  and  flesh,  it  has  rarely  been 
recommended  in  the  United  States  although  it  is  en- 
tirely safe  if  handled  with  reasonable  care. 

Sulphuric  acid  is  a  very  active  and  efficient  herbicide 
as  a  spray  for  killing  annual  weeds.  It  is  not  effective 
on  grasses  or  perennials  with  extensive  root  systems 
unless  several  applications  are  made.  Other  advantages 
of  using  sulphuric  acid  on  roadsides  are  that  it  is  not 
poisonous  to  animal  life,  does  not  injure  the  soil,  and 
is  one  of  the  most  inexpensive  herbicides. 

Dilute  solutions  of  sulphuric  acid  may  be  applied 
under  all  conditions  of  humidity,  but  best  results  have 
been  obtained  in  a  dry  atmosphere  and  in  hot  weather. 
Dilute  solutions  are,  therefore,  very  useful  in  the  more 
arid  regions  where  other  sprays  are  not  so  effective. 
They  do  not  dry  up,  and  destroy  weeds  in  a  short  time. 
Rain  falling  2  or  3  hours  after  the  sulphuric  acid  spray 
has  been  applied  does  not  destroy  its  effectiveness. 

The  necessary  concentration  of  the  solution  depends 
not  only  on  the  species  but  also  on  the  age  and  size  of 
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the  weeds  and  on  the  temperature.  Usual  practice  is 
to  spray  the  foliage  with  a  3  to  10  percent  solution  at 
the  rate  of  50  to  100  gallons  per  acre.  The  solution 
does  not  affect  the  germination  of  seeds  and  it  is  most 
effective  when  applied  to  young  plants  so  as  to  kill 
them  before  they  form  seed. 

The  use  of  sulphuric  acid  as  an  herbicide  has  been 
retarded  largely  by  lack  of  sprayers  that  will  resist 
corrosion.  Standard  types  of  spraying  equipment  are 
quickly  damaged  by  sulphuric  acid  solutions.  The  con- 
centrated acid  will' not  attack  steel  but  is  very  destruc- 
tive to  rubber  hose.  Dilute  solutions,  on  the  other 
hand,  will  corrode  steel  and  wrought  iron  but  will  not 
affect  rubber.  Standard  spraying  outfits  may  be 
readily  converted  into  satisfactory  equipment  for  apply- 
ing acid  solution  by  injecting  the  concentrated  acid 
contained  in  steel  drums  directly  into  the  rubber  spray 
line  by  means  of  a  simple  venturi  tube.  Special  injectors 
of  suitable  sizes  similar  to  a  venturi  tube  are  obtainable 
from  plumbing  dealers.  Recently,  the  venturi-tube 
method  has  been  replaced  to  a  large  extent  by  the  acid 
pump  method.  The  latter  does  not  require  as  high  a 
pressure. 

The  cost  of  sulphuric  acid  during  1935  was  approxi- 
mately $1.40  per  100  pounds  when  bought  in  100-gallon 
lots.  Using  a  10  percent  solution  or  6.05  gallons  of 
concentrated  acid  per  acre,  the  acid  costs  $1.50  per 
acre.  The  labor  and  equipment  for  spraying  and  the 
cost  of  hauling  water  are  usually  about  $1.50  per  acre, 
making  the  total  cost  around  $3  per  acre.  This  figure 
may  be  reduced  or  increased  depending  on  the  distance 
water  must  be  hauled  and  the  rate  at  which  the  solution 
is  applied. 

Chlorates. — Chlorates  of  calcium,  magnesium,  potas- 
sium, and  sodium  have  been  used  successfully  as  herbi- 
cides. At  the  present  time  sodium  chlorate  or  com- 
mercial compounds  or  other  mixtures  containing  sodium 
chlorate  are  probably  the  most  widely  used  herbicides. 
Oils  and  chlorates  are  practically  the  only  herbicides 
now  being  used  by  State  maintenance  departments  on 
roadsides.  Sodium  chlorate  is  not  a  magic  weed  de- 
stroyer; it  has  its  limitations.  Like  most  herbicides, 
it  affects  all  vegetation,  so  it  cannot  be  used  as  a  selec- 
tive spray  except  in  rare  instances  when  a  thorough 
knowledge  of  the  amount  required  to  kill  each  type  of 
vegetation  is  known. 

The  chief  objection  to  sodium  chlorate  is  the  fire 
hazard  associated  with  its  use.  The  chemical  in  itself 
is  not  dangerous,  inflammable,  or  explosive,  but  a  mix- 
ture of  it  with  organic  matter  is  even  more  dangerous 
than  gasoline,  since  it  can  be  ignited  by  friction,  sparks, 
shock,  or  spontaneous  combustion  under  favorable 
weather  conditions.  Solutions  in  containers  or  on 
clothing  and  vegetation  are  not  inflammable  while  wet 
but,  unfortunately,  they  dry  rapidly,  causing  fire 
hazards. 

Experiments  by  Dr.  W.  H.  Cook  of  the  National 
Research  Council,  Ottawa,  Canada,  indicate  that  at 
relative  humidities  above  75  percent  materials  treated 
with  sodium  chlorate  solutions  are  noninflammable 
because  of  the  moisture  content  always  present.  The 
moisture  content  decreases  rapidly  at  relative  humidities 
slightly  below  75  percent,  making  inflammable  any 
treated  organic  material. 

Experiments  and  practical  applications  have  definitely 
shown  that  sodium  chlorate  solutions  are  not  as  effective 
in  arid  regions  where  humidity  is  low  as  in  moist  cli- 
mates.    In  arid  regions  the  leaves  do  not  have  sufficient 


time  to  absorb  the  solution  before  it  dries.  A  practical 
criterion  to  follow  is  that  the  solutions  will  not  be  effec- 
tive in  killing  weeds  unless  applied  during  periods  when 
dew  forms  on  the  vegetation  at  night. 

RELATIVE  HUMIDITY  IMPORTANT  CONSIDERATION  WHEN  SODIUM 
CHLORATE  SOLUTIONS  ARE  USED 

One  method  of  reducing  the  fire  risk  is  to  mix  sodium 
chlorate  solution  with  chemicals  of  high  water-absorb- 
ing ability  such  as  calcium  chloride  or  with  other  non- 
oxidizing  chemicals  of  good  herbicidal  power,  the  latter 
acting  as  a  diluent  and  fire  preventative  when  in  con- 
tact with  organic  material.  Calcium  chloride  and 
sodium  carbonate  are  the  two  substances  most  com- 
monly used  with  sodium  chlorate  in  commercial  her- 
bicides. The  chief  function  of  the  calcium  salt  is  to 
reduce  the  fire  hazard  by  absorbing  moisture  from  the 
air  although  the  claim  is  made  that  it  improves  the  her- 
bicide by  preventing  the  solution  from  drying  on  the 
leaves  and  blowing  off.  The  reason  for  using  sodium 
carbonate  is  not  definitely  known,  but  it  may  retard 
the  spreading  of  flames  by  the  evolution  of  carbon 
dioxide  or  increase  the  herbicidal  power  of  the  chlorate. 

Dr.  W.  H.  Cook  recommends  the  following  herbicides 
as  being  safe  at  relative  humidities  of  40  percent  and 
no  more  than  doubtful  hazards  at  30  percent  relative 
humidity.  Proportions  of  all  chemicals  are  on  an 
anhydrous  basis. 

1.  One-half  sodium  chlorate  plus  one-half  calcium 
chloride. 

2.  Two-thirds  sodium  chlorate  plus  one-third  mag- 
nesium chloride. 

3.  Two-thirds  barium  chlorate  plus  one-third  calcium 
chloride. 

4.  Two-thirds  barium  chlorate  plus  one-third  mag- 
nesium chloride. 

The  toxicities  of  these  four  mixtures  expressed  as 
percentages  of  the  toxicity  of  pure  sodium  chlorate  as 
determined  by  the  chlorate  ion  content  of  the  hydrated 
material  are  33.5,  48.3,  34.2,  and  32.9  percent,  respec- 
tively. To  obtain  solutions  with  the  same  herbicidal 
power  that  sodium  chlorate  alone  has,  the  total  amount 
of  chemical  per  100  gallons  of  solution  must  be  approxi- 
mately doubled  if  the  second  combination  is  used  and 
tripled  when  the  others  are  used. 

Before  attempting  to  use  sodium  chlorate  solutions 
it  is  well  to  consider  the  relative  humidity  at  the  time 
and  place  that  application  is  to  be  made.  This  will 
help  to  reduce  both  the  fire  hazard  and  chances  of 
unfavorable  results. 

Figure  1 ,  prepared  from  data  furnished  by  the  United 
States  Weather  Bureau,  illustrates  the  variation 
throughout  the  United  States  in  the  average  minimum 
relative  humidity  during  the  month  of  July  over  a 
period  of  years.  The  chart  may  also  be  considered  as 
being  typical  for  the  months  of  June  through  Septem- 
ber. More  important  than  average  relative  humidity 
is  the  frequency  with  which  the  humidity  falls  below 
certain  minimum  values.  Data  were  obtained  by 
determining  from  Weather  Bureau  reports  the  number 
of  days  each  month  that  the  relative  humidity  fell  below 
30  percent  during  the  4  months  of  June  through  Sep- 
tember for  the  years  1930,  1931,  1932,  and  1933  at  34 
typical  stations  throughout  the  United  States.  These 
data  are  shown  as  circled  figures  on  figure  1. 

There  is  no  portion  of  the  United  States  where  the 
use  of  sodium  cldorate  would  not  constitute  a  fire  haz- 
ard at  the  period  of  minimum  relative  humidity  during 
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Figure  1. — Average  Relative  Humidity  for  July.  Circled  Figures  Show  the  Average  Number  of  Days  per  Month 
That  the  Relative  Humidity  Went  Below  30  Percent  During  June,  July,  August,  and  September  From  1930  Through 
1933. 


the  majority  of  days  from.  June  through  September. 
Even  with  a  protecting  agent  that  reduces  the  herbicide 
to  a  doubtful  hazard  at  30  percent  relative  humidity, 
it  could  not  be  considered  safe  if  applied  on  roadsides 
in  the  western  and  midwestern  States,  as  the  relative 
humidity  frequently  falls  below  30  percent.  A  chlorate 
herbicide  safe  at  relative  humidities  below  30  percent 
requires  such  a  large  portion  of  protecting  chemical 
that  its  use  is  impracticable  owing  to  the  cost  and  loss 
of  herbicidal  power. 

The  absolute  amount  of  moisture  in  the  air  or  the 

vapor  pressure  usually  varies  only  slightly  in  a  given 

locality  during  any  one  day.     The  relative  humidity 

varies    almost    inversely    as    the    temperature — being 

]  highest  at  low  temperatures  and  lowest  at  high  tcm- 

s  peratures.     This  is  illustrated  by  figure  2,  which  shows 

the  hourly  changes  of  temperature  and  relative  humidity 

j  in  four  cities  located  in  various  parts  of  the  country. 

The  temperature  usually  reaches  a  maximum  for  the 
day  between  1  and  5  o'clock  in  the  afternoon  at  most 
locations  throughout  the  United  States.  This  is  there- 
fore the  most  hazardous  time  of  the  day  to  apply 
chlorate  solutions.  As  a  general  rule,  the  relative 
humidity  is  also  lowest  on  warm  days.  The  preferable 
time  to  apply  sodium  chlorate  solutions  is  therefore  on 
cool,  humid  days.  The  same  precautions  should  be 
taken  with  commercial  herbicides  containing  sodium 
chlorate,  as  the  majority  produce  distinct  fire  hazards  at 
low  relative  humidities  although  manufacturers  right- 
fully claim  that  the  danger  is  greatly  reduced. 


SODIUM   CHLORATE  CAN   BE   APPLIED  DRY  OK  IN  SOLUTION 

The  following  precautions  should  be  taken  by  the 
operators  using  solutions  of  sodium  chlorate: 

1.  While  spraying,  use  rubber  boots.  Clothes  satu- 
rated with  the  solution  should  be  well  rinsed  before  they 

2.  After  using  pails  or  other  utensils,  wash  them  out 
thoroughly  before  setting  them  away. 

3.  Trucks,  wagons,  and  other  equipment  being  used 
should  be  washed  off  2  or  3  times  a  day,  particularly  in 
warm  weather. 

4.  Do  not  smoke  while  handling  chlorates. 

5.  Warn  the  public  as  to  the  danger  of  walking 
through  treated  areas  by  placing  "KEEP  OFF"  notices. 
After  2  or  3  rains  have  fallen  most  of  the  fire  hazard  will 
have  been  eliminated. 

Best  results  are  usually  obtained  by  application 
while  the  foliage  is  fully  developed  and  the  plants  arc 
still  growing  vigorously.  Sprayed  plants  should  not  be 
burned  or  cut  immediately  after  the  solution  has  been 
applied.  Burning  destroys  the  chlorate  and  cutting 
prevents  the  roots  from  being  poisoned. 

It  is  impossible  to  determine  in  advance  just  how 
much  chlorate  will  be  required.  The  amount  varies 
with  climate,  soil  fertility,  root  growth,  and  soil  tex- 
ture. A  fibrous  rooted  annual  or  biennial  requires  less 
chemical  than  a  perennial  with  a  deep,  underground 
root  stock.  It  is  general  practice  to  spray  a  solution 
containing  1  pound  of  sodium  chlorate  per  gallon  until 
the  leaves  are  well  covered.     This  requires  from  100  to 
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Figure  2. — Typical  Hourly  Changes  in  Temperature  and 

Relative  Humidity  Durim;  Summer  Months. 

'200  gallons  of  solution  per  acre.     High-pressure  spray 
guns  ejecting  a  fan-shaped,   mist-like  spray,   are   the 


preferable  means  of  application  although  for  small  areas 
sprinkling  cans  may  be  used. 

The  present  tendency  in  the  use  of  sodium  chlorate 
is  toward  dry  applications.  Though  most  results 
indicate  that  sprays  are  somewhat  more  effective,  they 
are  always  much  more  erratic  than  the  dry  applications. 
Applying  pure  sodium  chlorate  on  the  ground  after 
removing  the  mowed  weeds  would  be  safe  almost  any- 
where. Besides  eliminating  the  fire  hazard,  other 
advantages  of  this  method  are:  (1)  No  spraying  equip- 
ment is  required;  (2)  it  is  not  necessary  to  prepare  a 
solution  or  transport  large  quantities  of  water;  (3)  the 
cost  of  application  is  reduced;  and  (4)  only  one  appli- 
cation is  usually  required.  The  principal  drawback  to 
dry  applications  at  present  is  the  lack  of  good  distribut- 
ing equipment  for  large  areas.  Chlorate  either  dry  or 
as  a  spray  has  been  ineffective  on  alkali  soils.  The 
character  of  the  soil  is  an  important  consideration, 
especially  for  dry  applications.  Better  results  have 
been  obtained  on  soils  of  medium  texture  than  on  sandy 
or  heavy  clay  soils. 

The  present  cost  of  sodium  chlorate  varies  from  6  to 
9  cents  per  pound.  One  railroad  applied  21,850  pounds 
at  a  total  cost  of  14.4  cents  per  pound,  including  mate- 
rial, labor,  and  equipment  charges. 

Sodium  chlorate  or  compounds  containing  this  chem- 
ical have  been  tried  for  the  eradication  of  weeds  by  only 
a  few  State  maintenance  departments.  Most  of  the 
applications  have  been  made  as  experiments  during  the 
last  year  or  two  so  the  results,  although  generally  quite 
satisfactory,  are  not  conclusive.  Some  maintenance 
departments  have  become  discouraged  and  discontinued 
the  use  of  this  chemical. 

In  a  maintenance  district  in  the  State  of  Washing- 
ton sodium  chlorate  has  been  used  for  the  past  2  years 
on  weeds  under  and  around  guardrails  with  very  good 
results.  The  cost  was  only  half  the  cost  of  cutting 
weeds  by  hand,  and  a  very  neat  appearance  was 
obtained.  The  solution  used  was  1  pound  of  chemical 
to  a  gallon  of  water  applied  with  a  U-shaped  spray 
bar  for  straddling  the  guardrail  and  attached  to  a 
pressure  pump  on  a  tank  truck.  The  total  cost  was 
one-half  cent  per  lineal  foot  on  a  strip  approximately 
2  feet  wide.  Good  results  were  also  obtained  on 
patches  of  weeds  along  the  right-of-way. 

A  Canadian  investigator  found  that  weeds  could  be 
completely  lolled  on  a  strip  25  feet  wide  at  a  cost  of 
$4  to  $6  per  mile.  Bindweed  was  also  completely 
eradicated  for  $20  per  acre  where  it  was  growing  in  sod. 
The  investigator  believes  that  the  cost  of  weed  control 
on  the  treated  areas  will  be  negligible  as  compared  to 
the  amounts  now  being  expended  for  weed  cutting  and 
more  satisfactory  results  together  with  cleaner  road- 
sides will  be  evidenced.  In  Ontario,  Canada,  where  the 
experiments  were  made,  climatic  conditions  are  gen- 
erally more  favorable  for  the  use  of  sodium  chlorate 
than  in  most  sections  of  the  United  States. 

Sodium  chloride  — Common  salt  will  kill  weeds  when 
applied  at  the  rate  of  1  pound  per  square  foot.  The 
large  amount  required  and  its  permanently  detrimental 
effect  on  the  soil  and  surrounding  vegetation  where  the 
salt  may  be  washed  make  it  impractical  for  roadside 
use  except  where  there  is  no  objection  to  rendering  the 
soil  unfit  for  plant  growth.  The  Utah  Road  Com- 
mission has  found  that  in  certain  districts  common 
crushed  rock  salt  was  less  expensive  and  equally  as 
effective  as  any  other  chemical  treatment. 
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Tank  Trucks  and  Equipment  for  Spraying  Oil. 


OILS  FOUND  EFFECTIVE  IN  KILLING  WEEDS 

Oils. — Oils  are  effective  in  controlling  all  types  of 
annual  weeds  and  preventing  biennials  and  perennials 
from  seeding.  Oils  have  great  penetrating  power  and 
are  the  only  herbicide  that  will  destroy  the  viability 
of  seeds.  For  this  reason  they  have  been  widely  utilized 
in  puncture  vine  control.  Oils  are  top  killers  and  when 
applied  as  a  spray  do  not  ordinarily  penetrate  under- 
ground tissue. 


All  oils  are  destructive  to  vegetation,  but  the  mineral 
oils  are  the  only  ones  cheap  enough  for  general  use. 
Coal-tar  creosote  oils  sometimes  sold  as  "crude  car- 
bolic acid"  are  excellent  weed  killers  for  small  areas 
but  are  too  expensive  for  large-scale  operations.  The 
most  promising  of  the  oils  tested  for  weed  control  are 
those  least  refined,  such  as  crude  oil,  waste  cylin- 
der oil,  slop  distilate,  Diesel  oil,  and  stovepipe  oil. 
Stovepipe  oil  is  a  local  name  for  a  byproduct  at  cer- 
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tain  western  oil  refineries.  The  two  most  widely  used 
products  are  Diesel  oil  and  stovepipe  oil._  One  is 
probably  as  efficient  as  the  other  for  destroying  vege- 
tative growth,  but  if  an  emulsion  is  desired  to  reduce 
the  cost  for  large-scale  treatments  only  Diesel  oil  in 
the  commercial  state  will  give  satisfactory  results; 

Usually  oils  are  applied  at  the  rate  of  300  to  400  gal- 
lons per  acre — a  quantity  sufficient  to  cover  the  vege- 
tation and  soil  with  a  thin  film.  A  spray  pump  pro- 
viding a  pressure  above  80  pounds  is  recommended. 
Rubber  parts  of  the  spray  outfit,  readily  attacked  by 
oil,  should   be  replaced    by  metal  wherever  possible. 

Diesel  oil  is  an  effective  berb icicle  for  destroying 
vegetation  in  ditches,  fences,  firebreaks,  roadsides,  or 
similar  locations.     It  also  aids  in  burning  vegetation. 

A  few  authorities  recommend  Diesel  oil  as  a  selective 
spray  for  controlling  crab  grass  in  lawns.  The  danger 
of  injuring  the  bluegrass  is,  however,  very  great  even 
under  favorable  conditions. 

Heavy  applications  of  oil  on  roads  and  railroads  act 
in  the  dual  capacity  of  weed  killers  and  dust  layers. 
Tbe  amount  required  when  acting  as  a  weed  killer 
alone  is  obviously  much  less  than  that  needed  as  a 
dust  preventative  unless  permanent  sterilization  is 
desired. 

A  great  many  State  highway  departments  eradicate 
weeds  with  oil  as  an  incident  in  stabilizing  or  prevent- 
ing dust  on  shoulders  and  roadway  surfaces.  Cali- 
fornia probably  exceeds  all  other  States  in  its  use  for  the 
sole  purpose  of  weed  eradication  for  fire  protection. 
Since  1929  oil  applications  have  been  a  regular  part  of 
the  highway  commission's  maintenance  program  with 
an  annual  expenditure  of  about  $80,000  on  about 
1,100  miles  of  tbe  State  highway  system.  The  road- 
sides are  sprayed  and  burned  to  provide  a  firebreak 
between  the  highway  and  adjoining  property  as  well  as 
to  prevent  erosion  damage  by  protecting  the  natural 
cover  from  uncontrolled  fires.  Generally  no  spraying  is 
done  opposite  locations  where  an  effective  natural  or 
artificial  firebreak  exists  adjacent  to  or  within  a  reason- 
able distance  of  the  right-of-way.  Spraying  is  con- 
sidered unnecessary  for  fire  control  adjacent  to  ore  bards, 
vineyards,  plowed  land,  railroads,  streams,  or  bare  cut 
slopes  5  feet  or  more  in  height  which  parallel  the  high- 
way, as  reasonable  protection  already  exists. 

The  material  applied,  equipment  used,  and  methods 
followed  in  California  were  adopted  after  considerable 
experimentation.  The  most  effective  nonpoisonous 
material  was  found  to  be  Diesel  oil  having  the  follow- 
ing specifications: 

Specific  gravity  (A.  P.  I.)  at  60°  F. — not  less  than 
27°  Baume. 

Flash  point  (Penskey-Martin  closed  cup) — not  less 
than  150°  F. 

Viscosity  (Saybolt  Univ.)  100°  F—  not  over  50 
seconds. 

Distillation  (90  percent  point)— not  over  680°  F. 

Water  and  sediment — -not  more  than  a  trace. 

The  Diesel  oil  is  applied  at  an  average  rate  of  one- 
tenth  gallon  per  square  yard  by  a  tank  truck  equipped 
with  a  pressure  pump  and  orchard-type  nozzles  on  a 
spray  bar  that  can  be  raised  or  lowered  and  extended  to 
varying  distances  from  the  truck. 

For  most  effective  and  economical  results  the  oil  is 
sprayed  on  a  strip  9  feet  wide  adjacent  to  the  fence  line 
vvhen  the  vegetation  is  about  2  inches  high.  At  this 
time  the  area  is  uniformly  covered,  practically  a  perfect 
kill  of  the  tender  growth  is  assured,  and  no  burning  is 
required.     This  treatment  also  permits  burning  of  the 


section  between  the  shoulder  and  sprayed  area  at  a 
later  date,  if  desired. 

The  chief  objections  to  using  oils  are  the  appearance 
of  the  treated  areas  and  the  cost.  Accidents  have  been 
reported  by  drivers  who  at  night  have  mistaken  the 
dark  surfaces  of  treated  areas  for  portions  of  the  road- 
way or  shoulders.  In  California  the  spraying  cost 
averages  from  $50  to  $60  per  mile  of  highway  when 
two  9-foot  strips  are  treated.  An  additional  cost  of 
$20  per  mile  is  incurred  when  burning  is  required. 
The  initial  cost  of  fire  protection  by  blading,  disking,  or 
mowing  averages  about  $6  per  mile  for  a  reasonable 
width  but  the  ultimate  cost,  considering  all  factors 
involved,  may  well  exceed  the  cost  of  spraying. 

In  one  maintenance  division  of  the  State  of  "Wash- 
ington fuel  oil  and  used  crankcase  oil  were  applied 
under  guardrails  with  good  results.  The  total  cost  was  3 
cents  per  square  foot  and  compared  favorably  with  the 
cost  of  hand  cutting.  There  was  the  added  advantage 
that  the  treatment  was  good  for  the  entire  season  where- 
as cutting  was  only  effective  for  1  or  2  months. 

Another  division  found  kerosene  very  effective  in 
eliminating  a  dense  growth  of  blackberry  bushes  that 
obstructed  vision.  They  were  very  difficult  to  cut  or 
burn  prior  to  being  sprayed  but  were  completely  eradi- 
cated by  spraying  with  kerosene  and  burning  2  weeks 
later. 

SUMMARY 

Marked  progress  has  been  made  in  the  control  of 
weeds  on  our  highways.  Each  year  weeds  are  cut  or 
lolled  by  various  treatments  along  a  large  mileage  of 
road  but  the  work  is  still  in  the  transition  stage.  There 
is  already  available  a  variety  of  methods  most  of  which 
are  suitable  for  control  work  in  any  part  of  the  United 
States.  Improvements  will  undoubtedly  be  made  in 
the  existing  methods  and  new  ones  will  be  discovered 
but  effective  control  is  now  possible  with  the  weapons 
already  at  hand. 

The  most  important  recommendation  to  be  made  at 
this  time  is  that  all  work  be  done  as  part  of  a  permanent 
control  policy  with  particular  emphasis  on  the  preven- 
tion of  new  weed  growth.  Cutting  weeds  or  killing; 
them  by  other  methods  shoidd  not  be  regarded  as  a  job 
to  be  done  at  some  convenient  time  to  remove  unsightly 
objects  but  as  a  job  that  must  be  done  at  such  times  as 
will  prevent  reproduction.  The  major  part  of  the 
problem  is  to  prevent  reseeding  but  some  special  atten- 
tion must  be  given  weeds  that  propagate  from  root 
growth. 

Elimination  of  reproduction  is  important  not  only 
because  it  wdl  make  possible  diminishing  expenditures 
for  control  but  because  it  is  the  only  method  by  which 
the  highways  can  be  given  the  appearance  of  being  well 
kept  at  all  times. 

Machine  mowing  is  the  most  generally  used  method 
of  weed  control.  In  general,  the  costs  per  acre  by  this 
method  are  lower  than  by  other  methods.  However, 
machine  mowing  is  not  a  complete  method  in  itself  and 
must  be  supplemented  by  methods  that  are  effective 
at  places  not  reached  by  the  mower.  It  is  important 
that  effective  work  in  mowing  not  be  vitiated  by  seed 
from  places  not  reached  by  the  machine. 

Modern  cross-section  design  with  slopes  that  can  be 
reached  by  a  mowing  machine  and  side  ditches  that  can 
be  mowed  over  greatly  increase  the  effectiveness  of 
machine  mowing. 

Burning  is  practiced  largely  to  dispose  of  cut  or 
killed  weeds.     Oil  and  sodium  chlorate  are  the  materi- 
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als  that  have  been  applied  most  often  as  weed  killers  in 
highway  work,  and  are  effective.  They  are  useful  for 
general  applications,  as  supplements  to  mowing  and  to 
kill  weeds  not  reached  by  the  mower. 

Every  State  highway  department  should  decide  upon 
a  definite  policy  of  weed  control,  equip  its  forces  in 
accordance  with  the  methods  selected  and  fully  instruct 
its  maintenance  personnel  why  and  when  different 
operations  must  be  performed.  The  character  of  the 
work  and  the  time  it  should  be  done  will  vary  from  year 
to  year  depending  upon  the  effectiveness  of  the  work 
of  preceding  years  and  how  the  weather  affects  the 
maturing  of  weed  growth. 

The  objective  should  be  the  replacement  of  all  weeds 
with  suitable  low  growth.  Most  highway  departments 
now  have  a  landscape  architect  to  supervise  roadside- 
improvement  work  and  his  knowledge  of  plant  habits 
and  growth  makes  it  desirable  that  he  have  close  contact 
with  the  planning  of  weed-control  work. 
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TECHNICAL  BULLETINS 

No.  265T  .  .  .  Electrical    Equipment    on    Movable    Bridges. 
35  cents. 

MISCELLANEOUS  PUBLICATIONS 

'JNIo.  76MP  .  .  The  Results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 


Federal   Legislation    and    Regulations    Relating    to    Highway 
Construction.     10  cents. 

Supplement  No.    1    to   Federal   Legislation   and    Regulations 
Relating  to  Highway  Construction.     5  cents. 

No.  191  ...  .  Roadside  Improvement.     10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.      15  cents. 

Highway  Bond  Calculations.      10  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Bureau  of  Public  Roads  upon  request.  They  cannot 
be  purchased  from  the  Superintendent  of  Documents. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .  .  Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 
System  of  Ohio  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Vermont  (1927). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  New  Hampshire  (1927). 

Report  of  a  Plan  of  Highway  Improvement  in  the  Regional 
Area  of  Cleveland,  Ohio  (1928). 

Report  of  a  Survey  of  Transportation  on  the  State  Highways 
of  Pennsylvania  (1928). 

Report  of  a  Survey  of  Traffic  on  the  Federal-Aid  Highway 
Systems  of  Eleven  Western  States  (1930). 


A  complete  list  of  the  publications  of  the  Bureau  of  Public 
Roads,  classified  according  to  subject  and  including  the  more 
important  articles  in  Public  Roads,  may  be  obtained  upon 
request  addressed  to  the  U.  S.  Bureau  of  Public  Roads,  Willard 
Building,  Washington,  D.  C. 
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